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Abstract
Research in the development of impact resistant materials has been an expanding field for the
better part of a hundred years. The development of a light penetration resistant and man-portable
system that can resist extreme quantities of kinetic energy has been a subject of substantial study.
In particular, the use of composite materials, polymers, ceramics, and metals has been critical to
the development of the field. With the advent of complex computational programs for defining
material properties, it has become possible to use simulations as a starting point for the
development of next generation armored systems. To that end, it has become valuable to analyze
the behavior of non-classical composite forms of conventional materials in novel ways.
A unique form of impact resistant composite has been developed by adhering to results from a
computational system. By modifying a textile with high-density hard-metal inclusions a density
based scattering effect has been observed to occur within the material. The scattering results in
the creation of localized stress fields that have otherwise not been observed in conventional
impact resistant composites. A novel discrete mathematical model was developed to define the
observed scattering behavior, representing a significant step forward in the science of impact
mechanics. Physical tests were conducted and it was observed that using the scattering
properties, a large amount of kinetic energy could be stored within the material during impact
events, effectively strain-hardening the composite. It was observed that energy distributed
within the material increased from the range of 100 Joules to the range of 300 Joules with the
inclusion of hard inserts. This increase in energy absorbance substantially increases overall
resistance, along with the direct brittle failure of the distributed hardpoints within an ultra high
molecular weight polyethylene (UHMWPE) matrix.
𝑔
By retaining a low overall composite density (2.1 𝑐𝑚3 ) while substantially increasing the
quantity of energy absorbed by the composite during an impact event, the material represents a
novel for impact resistant designs. The mathematical expression of the impact resistance
provides a basis to future research into similar composite structures that scatter internal
shockwaves via density variation. The development of new engineering in man-portable
defensive systems in this research may identify more economical alternatives to the already
expensive designs in use as well as save lives.

Keywords: Ballistic, Failure, Failure Mode, Mathematical Model, Ceramics, Polyethylene,
Polymer, UHMWPE, Sintering, Impact, Extreme Strain Rate, Inhomogeneous Composite,
Composite, ANSYS, Explicit Dynamics, Computational Modeling, High Speed Camera, Kinetic
Energy Dispersion, Gaussian Modeling, Armor
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1. Introduction
A wide variety of material composites have been utilized to halt kinetic weaponry in the
twenty first century. Various defensive systems each have unique benefits and suffer unique
structural or economic limitations. Modern forms of advanced armor are constructed from
functionally heterogeneous materials with a particular interest in the specific use case. Personnel
armors have several significant limitations, chiefly weight or net density in most circumstances.
Armor represents a substantial percentage of the weight that a warfighter or law enforcement
officer is expected to carry. Minimizing total weight is beneficial to overall performance in
combat scenarios. Reducing the functional weight of advanced protective equipment is a high
priority for numerous global militaries and civilian service branches. A sizeable amount of
literature relates to this field for the purposes of developing lighter and tougher armors for
personnel defense applications by utilizing unique material behaviors at extreme strain rates.
Critical to use for functional combat applications is the development of soft or hard
armors that can qualify with a National Institute of Justice (NIJ) rating of IV while minimizing
material density1. Armors with a qualified NIJ rating are generally expensive to manufacture,
test, and purchase. Continued development in materials engineering has provided a basis for
development in a new era of twenty first century high performance and light weight ballistic
materials, particularly ones that are inexpensive and durable. This research entailed
computational and physical examination of material properties. A number of computational
simulations were performed that displayed highly beneficial structural behavior 2. The following
research is a logical expansion upon those initial novel computational results, and further
development in comparative physical materials testing at extreme strain rates. The research
document in this dissertation represents a step forward in the development of novel designs for
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(relatively) inexpensive and high performance inhomogeneous materials that express novel
behaviors.
The research herein specifically expands on the behavior of mixed inhomogeneous
material designs consisting of a bulk structure with high variation in component densities. A
complete analysis of inhomogeneous material behavior is performed and the unique aspects
analyzed in high detail. It is shown through physical testing that a substantially increased
quantity of energy may be absorbed by a mixed inhomogeneous material design. It is also shown
that the mixed material design permits the halting of a steel tipped high velocity projectile with
the potential to conform to NIJ IV standards given sufficient refinement. A mathematical model
of energy distribution during an extreme strain rate impact of a projectile into a mixed
inhomogeneous material is also developed based on the results of physical tests. The
development of a mathematical model to define the characteristics of an inhomogeneous material
subjected to a high velocity impact allows a complete and rigorous energy balance of the impact
event and overall material properties at extreme strain rates. The development of a discrete
mathematical model supports future development and analysis of designs.

1.1.

Composite Designs and Materials

In terms of direction impact resistance, composite structures generally outperform
materials with a single, homogeneous, internal structure3. The correlation between directionally
oriented composites and application to absorb kinetic energy was discovered in the late 1800’s in
the design of armor plating for ironclad ships. By the first and second world wars, those original
techniques were refined to the point of more advanced face-hardened steel. Differential cooling
of the steel produced an extremely hard front face that could shatter and slow an incoming
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projectile while the softer backing could, through plastic deformation, catch the slowed incoming
projectile 4.
In terms of the development of personnel armor, homogeneous hardened steel has been
found inferior to more advanced composites in terms of both durability and weight. Variations in
design requirement substantially alter the required materials in personnel armors. Lighter soft
armors that are designed for use against only low energy projectiles may be as simple as several
layers of polymer that absorb kinetic energy through delamination and direct tensile failure. As
the energy content of a projectile increases and the hardness of the projectile increases, the
amount of force the armor must dissipate increases substantially. The kinetic energy of an
projectile increases with the square of velocity. Additionally, hardening the projectile
substantially reduces projectile deformation upon impact. A substantial amount of the kinetic
energy contained in a projectile can be absorbed by plastic deformation of the projectile upon
impact. Hardened steel or tungsten carbide projectiles drastically reduce the amount of kinetic
energy absorbed by the projectile, and increase the amount of energy that must be absorbed by
armored equipment in order to mitigate physical damage.
Ceramic structures were found to be particularly useful in armor design as a ceramic has
drastically increased performance against hardened projectiles when compared to materials that
are subject to plastic deformation such as steel or polymers 5. Ceramic armor systems utilize
ultra-hard ceramics that absorb kinetic energy through the destruction of molecular bonds,
thereby shattering the ceramic face. The shattering of the ceramic face absorbs kinetic energy,
and the hard surface of the ceramic also acts breaks the projectile into smaller fragments.
Generally, a ceramic is then backed by a polymer or metal that will plastically deform, thereby
absorbing the now fragmented projectile as it passes through the ceramic layer. The effectiveness
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of multilayer composite design depends upon the thickness, density, and hardness of the
materials in question. Boron nitride is prized due to its extreme hardness, but is expensive to
produce 6. A number of other specialized hard ceramic materials are also often used, including
ceramics such as; alumina, boron carbide, tungsten carbide, boron nitride, and more classical
silica based ceramics such as silicon carbide7 8 9 10 11.
Further advances in composite design have reduced spalling (dangerous high velocity
fragmentation of an incoming projectile), increased impact resistance, and decreased overall
composite weight. Recent studies have been performed to examine the behavior of less
traditional forms of material development through the application of unique ultra high tensile
strength materials12 13. A number of methods have been developed for utilizing materials such as
carbon nanontubes or other experimental materials14 15. Although laboratory evaluation of such
materials tends to produce substantial results, those structures are difficult to mass produce or
utilize in the development of large composites due to the extreme precision and laboratory
conditions required to produce them. Thus, even highly advanced materials that produce useful
results are not functionally viable if they cannot be produced at scale. Further analysis herein is
therefore confined to the investigation of advanced materials that can be produced in bulk and
have a demonstrated production capacity that makes implementation reasonable.
A number of highly advanced materials utilize composite material structures that
have a demonstrated a capacity to absorb large amounts of kinetic energy. The simplest of these
materials are generic steel plates, and some of the more advanced composite designs include
unique embedded material structures. Recent studies have included a number of unique structural
designs. Cellular ceramic encapsulated by rubber may significantly increase the amount of
kinetic energy a composite will absorb16. Other studies have examined the possibility of
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designing a ceramic-polymer composite in the hopes of creating a more resilient overall
structure17 18 19 20.

1.2.

Energy Transfer Behavior

Several methods are used to examine materials design in terms of preventing the
penetration of high energy projectiles. Structurally speaking, the critical design metrics are
momentum, tensile strength, relative hardness, mass, support, topology of the projectile,
structure of the target, and impact velocity. The problem can be approached from many angles.
The following text is focused on examining the behavior of bulk materials as a function of
energy transfer mechanisms. Energy transfer is a particularly effective method of examining
material behavior at extreme strain rates. A certain quantity of energy is expended in conversion
to kinetic energy of the system as subjected to an inelastic impact. A certain quantity will be
absorbed as the ductile material is mangled by the impact. A certain quantity of energy will be
absorbed by the destruction of atomic bonds in the hardened material, and other mechanisms of
energy absorption take place at different depths as different failure modes give way to one
another during the impact event.
Several sources in the literature discuss energy balancing high energy impacts 21 22 23.
Determining variation in energy and the way by which energy distribution changes during the
impact event can provide meaningful insight into the mechanisms of a material’s or composite’s
ability to absorb a high energy impact. In these calculations, it is necessary to discuss the role
played by momentum and why it is not a preferred method to analyze the behavior of a material
structure. Momentum is predominantly meaningful in the event that a degree of kinetic energy
conservation occurs within the impact system. In the course of an impact event, however, kinetic
energy is transferred into many other forms and the majority of it is eventually radiated as heat.
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Kinetic energy can break atomic bonds, stress molecular structures at high tensile strain. Kinetic
energy can be converted to the deformation of both the absorbing material plate, and the
deformation or destruction of the projectile. Kinetic energy is also subject to variable quantities
of friction, thereby producing heat. Under high compression, a number of materials undergo
phase changes that may also absorb of kinetic energy. As such, using momentum or force
distributions to analyze material behavior would be meaningless in the context of these
extremely high energy impacts.
1.2.1. Energy Transfer in Metals
The earliest form of armor material was simple plate steel. While those armor materials
are as old as firearms, only in the last century has literature been available to provide information
regarding the physical behavior of steel during an impact event. A hardened steel plate behaves
in one of two ways depending on the hardness of the projectile. A relatively soft projectile will
experience extreme ductile deformation upon striking the plate, and the vast majority of energy
will be transferred into kinetic energy within the steel plate and deformation of the projectile. A
projectile substantially harder than the steel plate will cause the plate to crack and deform,
permitting partial, or total, penetration of the projectile while the plate experience severe
deformation.
Penetration of a single surface has been analyzed and described by several different
authors in the literature. Discrete models for hard armor plates have been studied since the
1950’s and 1960’s24. A generalized analysis of the behavior of a hard plate of tempered steel was
represented by a simple mathematical model referred to as the “plug” model. The plug model is
indicative of the idea that a penetrating projectile will dislocate a minimal volume of the material
equal to a plug, thus permitting penetration. Equation 1 is a simplified model developed to
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describe the residual velocity of a projectile after the impact takes place. In such a way we can
specifically evaluate the value of hardness and relative density when it comes to penetration
depth and residual penetration velocity.
𝐷 2 𝑇 −1
2
𝑉𝑟 = [1 + 𝛽( ) ] √𝑉 2 − 𝑉𝑥𝑛
𝑑 𝐿

( 1)

All of the variables used in the equations of this chapter are summarized in Appendix A. It
can be seen that high density projectiles have greater penetrative capacity than low density
projectiles as residual velocity is directly related to the ratio of projectile density to plate density
(𝛽), which is a primary reason that depleted uranium is utilized in armor penetrating
ammunition. Another important point to note is that the relative density variation between the
two determines residual velocity after impact. In other terms low density plates are not as
effective at preventing penetration from a higher density projectile, in this simplified plug model
of impact mechanics. Obviously, a material’s true capacity to absorb kinetic energy is not based
entirely on density, but the simplified model provides an excellent starting point for examining
the material behavior of simple homogeneous structures, particularly metals.
1.2.2. Energy Transfer in Ceramics
Ceramic materials respond differently than metals to high velocity impacts due to the
different structural behavior of a ceramic. First, the high energy of the molecular bonds and the
total lack of ductile deformation causes ceramics to shatter in a fashion that absorbs large
amounts of kinetic energy as the atomic bonds within a ceramic’s crystal lattice are broken. Then
propagation that occurs through a ceramic face and also increases the amount of energy absorbed
proportional to the scale of the cracking which happens when the ceramic face is punctured by a
projectile. The ceramic failure surrounding the impact is subjected to tension stress while
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beneath the impact location there is extreme compressive stress creating wo primary failure
modes.
Pulverization process occurs after initial cracking and results in the ceramic material in
the path of the projectile being powdered and acting as a barrier to forward progress. The
projectile accelerates the pulverized ceramic powder which acts to increase the coefficient of
friction between the projectile and the surrounding material. The pulverization and resultant
powdered material transfer energy from the projectile into the ceramic plate material and any
backer located behind the ceramic plate. The energy absorbed by a ceramic plate can be
simplified to several critical time intervals and locations according to N.K. Naik (2012): The
energy absorbed in the compression of a ceramic plate is calculated according to Equation 2.
Energy absorbed due to secondary compression within the ceramic plate over time is calculated
by Equation 3. Energy absorbed due to radial tension within the ceramic plate is calculated
according to Equation 4. Energy absorbed due to circumferential tension is calculated according
to Equation 5. Energy absorbed due to shear plugging effects within the plate are calculated
using Equation 6. The sum of all energy lost by a projectile passing through a ceramic sheet, is
described by Equation 7. Variables utilized in Equations 2 to 8 are described in Appendix A.
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While the equations represent an idealized model, they are extremely useful to
understand some of the mechanics at play in the behavior of ceramics in terms of pass-through
energy. Incident projectiles passing through a ceramic have a tendency to shatter, deform, and
thereby substantially redistribute kinetic energy through the projectile. Note too that the
equations specifically define the behavior of a projectile that passes through the ceramic rather
than one which does not pass through the ceramic plate as the latter results in a different
mathematical configuration.
1.2.3. Energy Transfer in Tensile Materials
In high tensile strength materials, a substantial variation of energy transfer behavior that
occurs is based on the pressure exerted upon the material. The projectile geometry becomes
important in terms of determining its behavior in high velocity impacts. High tensile strength
materials include ultra high molecular weight polymers such as Polyethylene (PE), and Kevlar
fibers. Many experimental materials such as carbon nanotubes also possess extremely high
tensile strengths. Polymer structures will be a focus as they are more accessible in terms of the
production of a physical product. Naik (2012) also created a mathematical description of high
tensile strength materials when subjected to a high energy impact, however that description is
predicated on specific projectile geometry. A more modern computational approach to the
mathematics and testing is superior to a purely deterministic mathematical model25.
Modern models, such as that used by W. Zhu (2018), have several variations when it
comes to the dominant energy absorption mechanisms. Obviously, a shockwave will pass
through the laminate structure of layered ultra high tensile strength fibers. That shockwave
results in deformation and failure. Depending on the geometry of the projectile, forms of lateral
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displacement failure will occur as fibers are depressed laterally by a pointed projectile. Localized
fiber straining and failure does not become the dominant energy absorption in such a case.
Rather, energy absorption occurs through global responses to the incident energy throughout the
bulk of the high tensile strength material lattice. Global responses include bulging, membrane
stretching, boundary pull-in, and similar mechanisms. Thus, kinetic energy is distributed into the
bulk of the material by fiber-fiber pressures rather than simply destroying or displacing
individual fibers that happen to be directly in front of the projectile.
The literature indicates that penetration is heavily dependent on the velocity of an
incident projectile and the structure of the shockwave that passes through the high tensile
strength material 26 27 28 29. The Cunniff velocity (an energy absorption material capacity) for a
polymer, shown in Equation 8, is based on the density of the polymer, along with the tensile
strength, failure strain, and Youngs modulus of the individual fibers. The velocity of the
transverse wave that oscillates through the material also depends on those values as visible in
Equation 6. Simultaneously, the critical penetration velocity is described proportionally in
Equation 7 and also depends on the material structural properties 30.

1 𝑑𝜎𝑙𝑚
𝑉𝐿 = 𝜆𝑚 √
𝜌 𝜀𝑙𝑚
𝐸𝑓 𝜎𝑓 𝜀𝑓
𝛺 = [√ ∗
]
𝜌 2𝜌

𝜎𝑓 1 𝜀𝑓 1
𝑐 ∗ = ( )2 ( )6
𝜌
4

( 6)
1
3

( 7)

( 8)
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The force dispersion mechanisms becomes dependent on the fiber density with the
inverse cube root of increasing density being proportional to the critical velocity. The important
point is that material density once again appears in the denominator, meaning that high material
density consistently relates to reduced penetration depth, and reduced shockwave velocity.
The literature provided by O’Masta (2015) states that in a laminate medium consisting of
layered materials oriented in alternating 90 degree layers, the shockwave generally appears in a
diamond pattern forming a pyramid like structure. A graphical design of that shockwave pattern
is illustrated in Figures 1 and 2.

a

b

c

Figure 1: Initial impact of a high velocity projectile into a high tensile strength fiber mesh as viewed from the
z axis (a). Propagation of the shockwave out from the impact location of the projectile along the x and y axis
(b). Deformation of the fiber matrix as the shockwave propagates at the speed of sound within the material
causing structural deformation (c).
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Figure 2: Failure as a transverse shockwavewave passes through the fiber matrix at the speed of sound.
Attwood, J., et al. 2016.

Phase changes are difficult to calculate in a discrete manner. As a stress wave is created
within the ultra high tensile strength material, that pressure wave is then transmitted to the rest of
the bulk material through the above-listed mechanisms. If the passing shockwave is of sufficient
intensity it can induce a phase change in some materials depending upon their relative
characteristics. Ultra high molecular weight polyethylene (UHMWPE) undergoes a phase change
from a semi-crystal phase to a flowing amorphous phase. UHMWPE melts at just over 125
degrees Celsius. A similar lamellar thickening and flow occurs at pressures above 200 MPa that
allows the polymer fibers to flow over one another31 32. The progression of the transverse
shockwave that progresses through the polymer after the initial compression wave is depicted in
Figure 2, from Atwood (2016). The total material behavior changes depending on the thickness,
resulting in an initial series of stress failures in the UHMWPE followed by delamination failure
as shown in Figure 3.
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Figure 3: Progressive membrane stress in UHMWPE laminar layers due to projectile progress
through the material demonstrates initial failure due to compressive stress and lateral displacement.
Penetration mechanisms of an edge clamped target. (a) Immediately following initial impact prior to
shockwave reflection. (b) Immediately after shockwave reflection where the projectile slows and
delamination begins. Image from O’Masta (2015

Both the phase change, and structural spreading of incident impact energy contribute
heavily to the capacity for the bulk material to absorb kinetic energy 33. By utilizing these
principals, it is possible to convert a large quantity of a projectiles’ kinetic energy into both heat
and, under pressure, into localized forms of temporary structural phase-change. Further, this
large area spread of the material properties supports research into altering the mechanism of
shockwave propagation through the bulk material to absorb even larger quantities of incident
kinetic energy.

1.3.

Optimization Principals

The general principals of material optimization for portable armor fall into three primary
parameters: density, volume, penetration resistance, and cost. Each of these parameters must be
optimized to consistently produce functional and economical bulk structures capable of
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withstanding the extreme energies and strain rates in a manner that is both financially feasible
and physically portable.
In terms of mass, the best optimizations include extremely hard ceramics sufficient to
shatter an incident projectile upon impact. Boron nitride is particularly useful, but suffers from
the fact that it is very energy intensive and difficult to produce in bulk34. Its mass and density
must be reduced to a point that the material structure can be easily portable. Steel is a common
material for providing high energy impact resistance, and still often used in a field context.
However steel is also very heavy compared to more modern materials. While hardened steel is
relatively inexpensive to produce, and has a small volume relative to other materials, its high
density make it difficult for personnel expected to consistently wear it. Thus lower density
materials are preferred if at all possible.
Volume is often sacrificed in favor of cost, density, and penetration resistance. Volume
must, however, still be addressed as an optimization principal. A large volume bulk material
plate is going to provide difficulty for those using it, and difficulty in bulk shipping and
handling. Managing the logistics of low density, high volume, items can be more difficult than
managing logistics for high density low volume items. Relying exclusively on light, but very
high volume, bulk material plates can easily prove prohibitive. The maximum thickness of a
plate is generally around 30 millimeters for it to remain functional within a plate carrier.
Minimization of total volume is something that needs to be addressed moving forward.
Penetration resistance is the factor against which concessions cannot be made.
Penetration resistance is a catch-all term for the amount of energy and type of projectile that a
bulk material can withstand without permitting penetration. High tensile strength materials are
particularly useful in this regard as they can withstand enormous forces without buckling.
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Currently, penetration resistance is measured by the NIJ rating. NIJ ratings range from I to IV.
An NIJ rating of IV is necessary for functional use of modern plates, as only an NIJ rating of IV
represents a plate of bulk material that is capable of withstanding impact from projectiles that are
designed to penetrate armored materials. Even steel plate often achieves an NIJ rating no higher
than NIJ III+. Only a number of highly complex composites that make use of extremely hard
ceramic faces or hardened heavy steel tend to achieve an NIJ rating of IV. High costs are often
required to achieve such a high rating for impact resistance, a factor that must be considered
when working with materials capable of resisting high velocity impacts.
The final principal of optimization in this context is cost. Minimizing energy expenditure
and achieving a system where it is possible to utilize an economy of scale to reduce costs for the
bulk production of materials resistant to high energy penetration is absolutely critical. The cost
of production is then directly dependent upon the energy required to produce the materials in
bulk, the labor required, and the components required. Overutilization of exotic high-cost
materials, such as carbon nanotubes, may produce exemplary materials but not at a reasonable
cost in bulk production. Exotic materials that appear useful, but are not feasible to produce
outside of laboratory conditions are avoided in the course of the following research. Instead
materials that are already available in bulk were considered for the development of new
composite designs to halt high energy kinetic projectiles.

1.4.

A Novel Approach to Energy Distribution

The number and variety of mechanisms involved in high energy impacts is considerable.
The behavior of a material, especially a composite material, is heavily dependent upon both the
material structure of the impacting projectile and the structure of the bulk material(s) subjected to
impact. It is proposed that the problem be addressed from the perspective of energy distribution
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into a composite materials structure. From that perspective, it is possible to develop additional
mechanisms inherent in the structure of a bulk material that can be utilized to further absorb
energy without radically altering the material constituents.
Additional physical mechanisms of energy distribution may be available if research is
open to the pursuit of inhomogeneous material design. To this point, research into structural
materials designed to distribute incident impact energy generally relies on observations of
homogeneous behavior, or behavior in homogeneous layers through a composite with rare
exceptions35.
Previous studies often fail to demonstrate a sufficient increase in impact resistance
coupled with a general reduction of material bulk weight/density The results of Colombo (2006)
indicate that shockwave propagation may act as a factor limiting the effectiveness of mixed
inhomogeneous material designs. Similarly, ceramic layer placed ahead of the polymer is also
used in association with polymer plates constructed of a UHMWPE composite. That ceramic
layer design has found itself similarly limited in application36 37.
Composites with distributed ceramic particles utilizing the benefits of metal deformation
and the hardness provided by ceramics have been a theorized method for the production of
experimental ballistic plates 38 39. In this study, a high density ceramic, tungsten carbide (WC), is
chosen for two reasons: a high density ceramic is more efficient at retarding the progress of a
high velocity projectile and, as the distribution of ceramic inserts in the UHMWPE semi-crystal
will be relatively diffuse, allowing the use of a higher density ceramic by lessening the general
need for concern with the high density of tungsten carbide. With those considerations, it is
reasonable to use a ceramic that may be easily shaped and sintered as needed. During the impact
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event, the tungsten carbide will shatter the impacting projectile and the tensile strength of the
polymer will absorb most of the kinetic energy 40 41.
Therefore, an entire realm of analyses may be performed on inhomogeneous composite
structures during high energy impacts. An inhomogeneous structure creates the potential for
additional regions of energy absorption and creates unique stress profiles that have not yet been
thoroughly investigated. To this end, the following research is a specific study of the behavior of
inhomogeneous composite materials designed such that there are significant variations in
material densities, material positions, material topologies, and the mechanisms by which energy
absorption takes place. Through the utilization of an ultra high molecular weight polyethylene
semi-crystal with embedded high density ceramic structures of tungsten carbide, it is possible to
observe and test novel variations in energy absorption mechanisms.

1.5.

Shockwave Propagation in Mixed Density Materials

Performing a series of analyses on the behavior of these materials during extreme impact
events opens the possibility for novel discoveries in shockwave propagation and strain-hardening
behaviors. High velocity shockwaves produce internal stress fields that damp the shockwave
velocity.
By examining the material behavior at densities varied by ceramic insert content within
the inhomogeneous bulk, it will be possible to relate the modified material to the energy content
and velocity of resultant shockwaves. High velocity impacts possess unique features that make
them extremely difficult to accurately model in a computational fashion such as sudden phasechanges, and lateral displacement failure mechanisms. The production of a mathematical model
that more accurately represents material failure, particularly in inhomogeneous materials, will
substantially contribute to the field of extreme strain rate failure mechanisms.
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A quantity of previous research and equations such as those provided by Naik (2012)
provide the basis for confirming the material behavior based on observed quantitative results. It
also provides a jumping off point for the development of new models. Comparing results
between computational design, physical testing, and various deterministic mathematical values
allows researchers to develop further refinements to an existing understanding of materials
mechanics.
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2. Theory and Physical Behaviors
Within the purview of the design optimization principals presented in Section 1.4, the
materials study and composite design is focused on a number of easily produced and well
understood physical materials utilized in novel ways. Following is a discussion of additional
mechanisms that permit the absorption of kinetic energy into an inhomogeneous material,
supplemental to the energy absorption mechanisms described in Section 1. Increasing the rate
and volume of the distribution of kinetic energy into other forms throughout the material to
substantially increase impact resistance due to the materials structural form Creating a whole, so
to speak, greater than the sum of the parts.
Polyethylene fibers are an industrially available material that is utilized in a wide variety
of applications. The ultimate tensile strength, the quantity of stress as generally measured in
megapascals per unit area, required to break the fiber along its axis, is incredibly high in
UHMWPE fibers. The ultra-high-molecular-weight form of fibrous polyethylene is specifically
designed for high-stress applications42. Such materials can withstand inordinate amounts of
impact force while simultaneously retaining their material properties under variable
environmental conditions43 . A number of NIJ-3 compliant ballistic plates consisting of a form of
high molecular weight polyethylene are already in commercial production 44.
A composite designed using UHMWPE rendered inhomogeneous by a material with a
failure mode that will strengthen the bulk structure will significantly improve on current material
designs. UHMWPE is considerably less dense than steel or high density ceramics with a
𝑔

maximum density of 0.97𝑐𝑚3 . It is reasonable to consider the weight-performance could be
improved by combining the polymer with high-density ceramic inserts to generate an
inhomogeneous material design that will redistribute kinetic energy internally at extreme strain
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rates. It has been found that a cellular ceramic encapsulated by rubber may significantly increase
the amount of kinetic energy a composite will absorb45. Other studies have examined the
possibility of designing a ceramic-polymer composite in the hopes of creating a more resilient
overall structure 46 47 48.
Several previous studies were limited in material properties and structural design.
Colombo, et al (2006) is a particularly influential study with regard to the design of an
inhomogeneous composite structure utilizing both high molecular weight polymers and
ceramics. Studying such an experimental design provides a basis for examining potential flaws in
the logic of creating such composite structures. Modern UHMWPE has a molecular weight and
fibrous tensile strength far in excess of what was used in the 2006 study. Modern electrospinning techniques permit the construction of far longer and semi-crystalline fibers far in excess
of what was possible at the turn of the twenty first century. Modern polymer materials provide a
substantial increase in tensile strength which permits the structure to transmit energy much more
effectively than was possible in the previous work. The second important note is the composite
design process in 2006 was such that the polymer was infiltrated through a ceramic matrix as is
visible in Figure 4. Infiltration within a ceramic matrix is opposed to the present research where
a ceramic is embedded in a polymer matrix. Embedding a polymer in a ceramic matrix creates
points of stress concentration in the ceramic matrix where the force is not evenly distributed
leading to severe stress concentrations. Such earlier studies represent an excellent springboard
that can be used to address newer techniques bulk-produced-materials and the functional
effectivity of new types of inhomogeneous composite design.
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a

b

Figure 4: Ceramic structure prior to impact and into which a polyurethane polymer was infiltrated as a
liquid (a). The ceramic structure post impact testing of the bulk material with polymer filling the pockets in
the ceramic material (b). Colombo, et al (2006):

Based on the findings of previous research, it is proposed that embedding high density
ceramics within a polymer semi-crystalline matrix greatly increases energy distribution within
the system. The distribution of energy throughout a material is heavily dependent on the
structure of the shockwave that propagates through the material at the speed of sound within the
material. This fact can be used to predict the behavior of semi-crystal polymers that utilize
modern high tensile strength fibers.
Several studies have investigated the behavior of ultrahigh molecular weight polymer
composite design49. Unfortunately the vast majority of these studies focused on layered or
completely homogeneous material structures. As a novel approach, these gaps in literature can be
filled with a study of inhomogeneous material design utilizing high density inserts that act to
interrupt shockwave progression. Utilizing high velocities ( i.e. velocities in excess of 900 m/s))
will provide useful and new information on how shockwave progression occurs at extreme strain
rates. The research focuses on the structural behavior of an inhomogeneous composite where a
sintered UHMWPE bulk semi-crystal is embedded with macroscale tungsten carbide (WC)
inserts with radii between 2.5mm and 10mm. Computational studies indicate that, by distributing
the high density ceramic inserts within the polymer, the overall resistance of the bulk material
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increases substantially though mechanisms beyond the simple mechanical failure of molecular
bonds 50.
A number of prior studies were exclusively computational and focused on unique
structural behavior of high tensile strength polymer materials. A dual study comprised of a
computational component and a physical testing component was performed. The computational
portion of the study consists of an analysis utilizing ANSYS/AUTODYNE explicit dynamics to
observe the material behavior of the inhomogeneous material in simulation. The physical portion
of the study consists of utilizing M855A1 ammunition in physical tests against specimen plates
designed based on the observed behavior within the ANSYS/AUTODYNE computational study.

2.1.

Choosing the Appropriate Coordinate System

Generally a material may be mathematically described by utilizing its properties such as
tensile strength and Young’s modulus, etc. In the case of an incident projectile, a number of
other properties must also be described. The impacts will be considered from the perspective of a
three dimensional cartesian coordinate set as shown in Figure 5, where the projectile is directed
in the negative Z direction, and the composite is described as laying along the X and Y
directions.
Utilizing a simplified cartesian coordinate system also creates a system for analyzing the
positioning of high density inserts within the matrix, and serves as an overview of a
computational simulation that takes place in a similar coordinate system. Additional sums may
be taken within that system using the volume based density of the material, the bonding strength
between layers in the material vertically or horizontally, or the localized properties due to the
presence of high density ceramics or other composite materials.

23
A laminated ultra high molecular weight polymer fiber matrix is generally woven in
layers as shown in Figure 3. The material behaviors can be described as occurring along a Y
axis, the X axis, along a plane perpendicular to the Z axis, or directly along the Z axis in the case
of projectile progression as illustrated in Figure 5.

Figure 5: Cartesian coordinate system used when describing the projectile approaching and impacting a
composite

2.2.

Stress Fields and Density Scattering as Energy Absorption

Utilizing the coordinates described in Section 2.1, it is possible to conduct a detailed
examination of the structural dissipation of an extreme strain rate shockwave as it propagates
through the material and generates local stress fields during that process. As such, macroscale
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high density ceramic inserts were chosen as the shockwave interruption mechanism. High
density, high hardness ceramics present an ideal foil to compare to an elastic, low density,
sintered polymer semi-crystal. Shockwaves that propagate through a low density material will
experience the greatest interruption from the presence of a high density high-hardness structure
embedded in the semi-crystal medium. The high density inserts must be accelerated by a passing
transverse shockwave, the acceleration drives the formation of a stress field around the high
density insert. Mathematically this mechanism is similar to the way in which thermal energy is
conducted through a material as both systems represent averaged physical motion of individual
particles 51.
In terms of structural behavior, a number of mathematical models have been developed to
represent energy distribution into a mechanical system during extreme strain rate events. In most
generic systems, the energy in a stress field surrounding an inclusion is defined by the Gibbs free
energy of the inclusion in the bulk material. Such models are inappropriate to an analysis of the
behavior of a macroscale sintered polymer structure for the following reasons.


Macroscale structures do not adhere directly to microscale mathematical models even in
best case scenarios. Utilizing inserts of 2.5mm to 5mm in diameter places the analysis
thoroughly into the macroscale in terms of structural behavior.



The sintering process for a fibrous polymer semi-crystal results raises the temperature
and causes flow between the polymer fibers. The residual stresses will be extremely low,
particularly in comparison to the high stresses of a dynamic shockwave passing through
the material.
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The speed of sound in the material is very different from the velocity of the transverse
shockwave, so the stress fields will not be produced in a simple spherical distribution
about around the point of impact as a sound wave would.

Thus, a potential mathematical model must be examined from a position wherein the
stress and strain of the material during a the passage of a high energy shockwave contains
substantive energy. Resultant stress fields that appear about high density inserts will be isotropic
depending on the alignment of the fibers in the semi-crystal. Stress fields will also be dependent
upon the stress and strain within the material, and the degree to which the position of the high
density ceramic inserts are coupled to the polymer matrix. The more tightly coupled the inserts,
the more they will directly interrupt the shockwave.
A novel mathematical model is discussed in Section 6. The development of a new model
based on the presence of high density inserts. The high density inserts, depending on their
distance from the point of impact, will absorb energy in the form of a surrounding stress field.
The stress fields will then be proportional to the velocity of the shockwave traveling between
fibers in the UHMWPE semi-crystal. Details of the new mathematical depend on a number of
phenomena, and direct observation. The rate of damping should mathematically relate directly to
the alteration in material density due to the presence of high density ceramic inserts and relate
directly to the velocity of the oncoming shockwave in an impact event.
Equation 6 describes the velocity of a transverse wave based on material properties,
stress, strain, and the overall material density. Equation 7 describes the penetration velocity of a
projectile when impacting polymer sheets. The penetration velocity is also based on a number of
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factors, and represents the quantity of kinetic energy that must within a projectile for it to
experience pass-through of the target.
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3. Computational Design and Results
A number of inherent difficulties are associated with the design of a rigorous, simple, and
effective model for mathematically mapping material impact behavior when subjected to a high
velocity projectile. A number of computational simulations were conducted to study the behavior
of a polymer material. The computational model enabled the user to vary projectile velocity,
projectile material, and modify the structural material of the bulk composite. Importantly, it was
possible to adjust geometry and scale of inserts within the inhomogeneous bulk material which
rendered computational analyses the most functional option for mapping material behavior.
Computational analyses were conducted utilizing explicit dynamics simulations of a
sintered inhomogeneous polyethylene semi-crystal structure. The simulations revealed the
appearance of high energy stress fields when the structure was fashioned with the inclusion of
macroscale tungsten carbide (WC) ceramic inserts. During a high-strain-rate impact, the WC
inserts increased the net impact resistance of the bulk material both through immediate
mechanical failure of those inserts directly in the path of the projectile, and through the
generation of localized stress fields throughout the material that expand far further through the
material than the direct projectile path. Computational analyses were constructed using ANSYS
version 19 explicit dynamics software. Several models were evaluated with the goal of analyzing
the material behavior and response to impact when ceramic insert geometry was varied in
different simulations. A blank polyethylene model, which included no ceramic inserts, was
constructed for comparison. Commercially produced UHMWPE ballistic materials are analogous
to the blank polyethylene model, and relative variations in penetration resistance are considered
to be likewise analogous 52.
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Sufficient variation in design via the use of multiple models assisted in the development
of a framework for physical testing. The UHMWPE model was based on data from a 2014
publication that detailed the material properties of the polyethylene fiber: Dyneema SK76 shown
in Figure 6 53. Those properties were used to produce a linear orthotropic model representative of
the UHMWPE semi-crystal. UHMWPE fibers, such as Dyneema SK76, experience plastic
deformation prior to failure under high strain rates. The error values in the computational
polyethylene model were determined by comparing the straight linear equation of the model with
the data provided for the Dyneema UHMWPE fiber. The overall error value in the polymer
model was calculated to be 8.38%. The ultimate failure mode for the UHMWPE was that of a
plastic stress failure at a strain value of 0.05.

Figure 6: Stress-Strain curve of Dyneema SK76 UHMWPE fibers as tested by Sanborn, Brett,(2014)
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The UHMWPE fibers were arranged in layers 2.5mm in thickness with orthotropic
orientations at 90 degrees. The overall structure consisted of 12 such layers, or 30mm, of
UHMWPE fibers. The fibers were modeled as blocks of material that had already been sintered
and bound to the present shape.
Tungsten carbide material was modeled utilizing a Johnson-Cook fracture/failure model
that has proved consistent with experimental results in literature detailing computational
analyses54. The Johnson Cook model stands in accordance with other computational models used
for tungsten carbide failure under high strain rates using constants described in published
literature55 56 57. In the Johnson Cook model, constraints describe the erosion criteria for
materials with a high strength and low ductility such as high density ceramics. Additionally, the
Johnson-Cook model is particularly amenable to use in computational materials simulation due
to its ease of input into advanced explicit dynamics systems.
The Johnson-Cook fracture model is given by Equation 9, with the variables described in
Appendix B. Damage to the material defined by Equation 10 where the constants 𝐷1 , 𝐷2 , 𝐷3 , 𝐷4 ,
and 𝐷5 are as defined in T. J. Holmquist. (2005). Fracture occurs when the value D, given by
Equation 10, is equal to 1.
𝑓

∗

𝜀𝑝 = [𝐷1 + 𝐷2 𝑒 𝐷3 𝜎 ][1 + 𝐷4 𝑙𝑛|𝜀̇𝑝∗ |][1 + 𝐷5 𝑇 ∗ ]
𝐷= ∑

∆𝜀𝑝
𝑓

𝜀𝑝

( 9)
( 10)

The modeled projectile was a 7.62mmx39mm round with a solid ogive tip. The simulated
mass of the projectile was 3.3 grams. An ogive model is necessary due to convergent errors
present in ANSYS when solving models with sharp angles and points. Convergent errors appear
due to mathematical singularities that occur when sharp points are impacting at high velocities.
Effort was spent to ensure that the material mesh was appropriate for the modeled impact
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velocities. The projectile was modeled with a simulated plastic stress erosion criteria at a
relatively high values ( a factor of 5.0). The high plastic stress erosion value was set to maximize
model deformation in impact and describe the material ductile deformation failure in such a
manner as to accurately simulate the physical disintegration of the projectile.
Alternative models were used to study the composite behavior when subjected to armorpenetrating high energy impact for projectiles substantially harder than lead, steel in this case.
Other projectile models were also tested in the case of armor-penetrating steel projectiles
consisting of 4340 steel. Analogous armor-penetrating projectiles were modeled as single parts
to provide conservative estimates of total penetration, and reducing total computation time.
The tungsten carbide inserts were designed with a number of different geometries and
scales. Each model was subjected to an identical impact at 609 m/s (2000 ft/s) to determine the
composites general impact resistance. As higher velocity impacts are more prone to convergence
errors, high velocity simulations were performed on only the two most effective models. The
most promising structures were then subjected to an impact at 900 m/s (2950 ft/s) to determine
performance at extreme strain rates. The projectile velocity was measured from the two
dimensional mesh at the rear most edge of the projectile to minimize variation that may occur
due to the projectiles deformation. Accordingly, total kinetic energy of the projectile was
calculated to be 1340 joules.
The geometries and distributions of material tested are listed in Table I and shown in
Figures 18 19, and 20. The material defined as 5mmx2.5mm consisted of tungsten carbide sheets
with a width of 5mm and a depth of 2.5mm spaced 5mm apart from edge to edge. The plates
were positioned at three levels and offset from one another in the composite such that a projectile
impacting at any location on the composite face would encounter at least one plate during
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penetration. Tetrahedral inserts with a side-length of 8.5mm were spaced 5mm apart and oriented
so that a point of the tetrahedron faced towards the oncoming projectile. The ceramic sheet was a
single 2.5mm thick layer of tungsten carbide placed 2.5mm below the surface of the composite
that was uninterrupted from one side of the composite to the other. The 2.5mm cubic were cubes
with a length of 2.5 mm separated by a distance of 2.5mm in four vertical layers, offset from one
another. The 5mm cubic were cubes with a length of 5mm separated by a distance of 5mm in 2
vertical layers offset from one another.

3.1.

Computational Results

The computational results produced by the ANSYS computational simulation were
analyzed within the simulation based on a number of parameters. The declaration period of the
projectile was observed with the intent to maximize deceleration rate. The total penetration depth
of the projectile into the simulated was minimized in the interest of maximize the rate of kinetic
energy dispersion into the system. The material behavior in the presence of varied projectile
materials, utilizing simulations of both steel and lead, provided a comparison of how the
composite behaved when subjected to high energy impact by a material expressing a high
quantity of ductile deformation versus behavior when subjected to impact by a material
expressing substantially reduced ductile deformation.
Results from the computational simulation revealed substantial variation in the dispersion
of kinetic energy during an impact event. The simulations also described a substantial increase in
the radius from the impact at which meaningful damage took place, indicating the appearance of
high energy stress fields in the material structure. The effective radius of energy dispersion in the
simulated system resulted in nearly an order of magnitude increase in total energy absorption.
The increase in radius indicated that a composite design structured around the dispersion of a
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unified shockwave front actively reforms the kinetic energy of the projectile into stress fields
surrounding the high density inserts. The inserts behave similarly to inclusions in a crystal lattice
resulting in shockwaves scattering during extreme strain rate events. The passing shockwave
propagated through the UHMWPE matrix is reduced in amplitude as energy is required to
accelerate the points of high density, reducing the velocity of the shockwave and increasing the
quantity of energy absorbed by it.
A blank simulation was run with a lead projectile at 609m/s to observe the basic behavior
of the a pure UHWMPE structure in the absence of high density inserts. Another blank
simulation of a lead projectile was run at 900m/s to observe the behavior of a pure UHMWPE
structure subjected to a substantially higher velocity, and higher kinetic energy impact. Bank
simulations were performed at 900m/s with steel projectiles to observe the variation between a
hardened projectile and a ductile lead projectile. The velocity curves of the most promising
structures can be seen in Figures 7, 9, 11, 12, 13, 14, 15, and 17.
Figure 8 shows the deceleration of an incident lead projectile traveling at 609 m/s upon
impact with a simulated block of structural UHMWPE. The projectile velocity is reduced to zero
in 150 microseconds during the impact event. The simulation results show that only a single
layer of UHMWPE material survives the impact event and prevents total penetration of the
projectile in Figure 7.

33

Figure 7: Structure of UHMWPE impacted by lead projectile at 609 m/s at the point in time where the
projectile velocity was reduced to 0.

Velocity (m/s)

Projectile Velocity to Time at 609 m/s
Lead Projectile. Blank UHMWPE Block
200
100
0
-100
-200
-300
-400
-500
-600
-700
0.0E+00

5.0E-05

1.0E-04

1.5E-04

2.0E-04

Time (s)

Figure 8: Projectile Velocity vs time curve of a simulated lead projectile striking a pure UHMWPE block
at 609m/s. Constant deceleration is shown to attain a minimum velocity of 0 followed by rebound
immediately after the impact. The total deceleration time is determined to be 150 microseconds during the
impact event.

The fact that only a single layer of UHMWPE remained after the impact suggested that a
900 m/s impact would completely penetrate the material structure.
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As can be seen in Figure 9, a lead projectile impact at a velocity of 900 m/s results in total
penetration of the UHMWPE. The penetration of the UHMWPE the simulated projectile acts as
a benchmark when comparing the behavior of other composites designs.
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Figure 9: Projectile Velocity vs time curve of a simulated lead projectile striking a pure UHMWPE block
at 900m/s. Constant deceleration is shown to reach a minimum velocity of -321 m/s at which point total
penetration has occurred. Total deceleration time during the impact event was 90 microseconds.

A steel projectile was also computationally simulated at both 607 m/s and 900 m/s. These
simulations are appropriate in defining the impact conditions of armor-penetrating projectiles
such as M855A1 ammunition. The behavior of the pure UHMWPE structure when subjected to
such impacts resulted in less energy dispersed into the structure through shockwave stress and
train, and total penetration of the projectile. Figures 10 and 11 show the simulated 900 m/s steel
projectile impacting a simulated pure UHMWPE structure. The velocity was reduced by almost
50% to a velocity of 480 m/s during the impact event with tensile failure occurring consistently
in each layer of the UHMWPE structure.
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Figure 10: Maximum stress shows layers stress fields showing penetration. The stress fields oriented along
the X axis are parallel to the orthotropic orientation of the UHMWPE fibers. Those layers where the fibers
oriented along the Z axis show substantially reduced stress in the X plane, and substantially increased
stress in the Z plane as can be seen along the penetration route of the projectile.

The development of stress structures is also clearly evident along the orientation of the
fibers. The fibers experience maximal stress parallel to the direction of the tensile strength in the
orthotropic model. Simultaneously, it is apparent that stress perpendicular to the material tensile
strength results in substantially reduced net stress within the polymer material. The stress fields
that emerge describe a diamond-shaped impact pattern as was discussed in Section 1.3.3. The
discrete and regular structure of the shockwave pattern being provides insight into the mechanics
of inhomogeneous material impact. Development of a novel approach to energy distribution is
enabled by comparison of the shockwave distributions within the material structure of a
homogeneous UHMWPE block with that to the internal structure and penetration depth within an
inhomogeneous polyethylene block. Similarly, the projectile velocity to time, in Figure 11,
provides a basis for observing the distinction in deceleration, residual velocity, and total
penetration depth of an inhomogeneous structure.
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Figure 11: Projectile Velocity vs time curve of a simulated steel projectile striking a pure UHMWPE block
at 900m/s. Constant deceleration is shown to a minimum velocity of 481 m/s at which point total
penetration has occurred. Total deceleration time during the impact event was 75 microseconds.

A number of simulation results showed promise and provided a basis for examining
penetration resistance within the inhomogeneous blocks of UHMWPE supported by high density
tungsten carbide ceramic inserts. The ceramic inserts act to break the shockwave, reduce its net
velocity in the material, and act as direct interrupters to the progress of a projectile through the
material. It was found particularly effective against lead projectiles, and even steel projectiles
ceased complete penetration of the material. Figures 12 and 13 show the velocity curves for the
projectiles impacting at 609 m/s into materials with 2.5mm cubic inserts and 5mm cubic inserts
respectively. In both cases, the total deceleration time of the projectile consists of 60
microseconds after initial impact. Impact deceleration curves for equivalent impacts with a steel
projectile are illustrated in Figure 14 and Figure 15.
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Figure 12: Projectile Velocity vs time curve of a simulated lead projectile striking a UHMWPE block
containing tungsten carbide inserts that are 2.5mm on a side and a projectile velocity of 609 m/s. Constant
is shown to a minimum velocity of 0. The total deceleration time during the impact event lasts for 60
microseconds.

The consistent results from the inclusion of high density ceramics provided sufficient
evidence to perform variable simulations that exploit the apparent impact resistance by utilizing
steel projectiles at the same velocities. Impact deceleration curves for equivalent impacts with a
steel projectile are illustrated in Figure 14 and Figure 15. Figure 15 is particularly interesting
because of the almost perfectly linear deceleration of the projectile.
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Figure 13: Projectile Velocity vs time curve of a simulated lead projectile striking a UHMWPE composite
containing cubes with a side length of 5mm and a projectile velocity of 609 m/s. Semi-constant deceleration
is shown to a minimum velocity of 0. The total deceleration time is determined to be 60 microseconds
during the impact event.
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Projectile Velocity to Time at 609 m/s
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Figure 14: Projectile Velocity vs time curve of a simulated lead projectile striking a UHMWPE composite
containing cubes with a side length of 2.5mm and a projectile velocity of 609m/s. Semi-constant
deceleration is shown to a minimum velocity of 0. The total deceleration time is determined to be 90
microseconds during the impact event.

The deceleration displayed in Figure 15 indicates that shockwave progression is
interrupted in a fashion regionally distributed through the material as successive failure occurs,
redistributing energy outwards away from the impact point.
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Figure 15: Projectile Velocity vs time curve of a simulated lead projectile striking a UHMWPE composite
containing cubes with a side length of 5mm and a projectile velocity of 609 m/s. Semi-constant deceleration
is shown to a minimum velocity of 0. The total deceleration time is determined to be 90 microseconds
during the impact event.
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Figure 16: Steel round impact into UHMWPE composite containing embedded 5mm cubes of tungsten
carbide. [A] Elastic strain intensity at t=31 microseconds. [B] Stress intensity at t = 31 microseconds. [C]
Elastic strain intensity at t=40 microseconds.

Figure 16 shows several localized and interesting phenomena as the projectile passes
through the material structure. Figure 16 [A], illustrates that regions of the material up to 18.5
millimeters ahead of the projectile are already experiencing very high strain intensity. Thus,
shockwave stresses pass forward through the material more quickly than in homogeneous
equivalents. In Figure 16 [B] high stress intensity immediately surrounds the high density
ceramic inserts at a distance of over 10 mm from the initial impact sites. The high stresses
concentrate at the corners of the tungsten carbide inserts, thereby indicating that effected area
may be an important factor in the behavior of the shockwave as it passes through the high
density materials. Figure 16 [C] shows additional strain as the projectile moves forward into the
polymer structure, having reduced velocity due to directly impacting the tungsten carbide insert.
The inertia of the WC inserts provides resistance to the forward progression of the projectile, and
disperses the kinetic energy into the surrounding material substantially quickly than occurs in a
homogeneous layer of high tensile strength polymers.
Figure 17 shows the deceleration curve for a steel projectile impacting a simulated
composite containing 2.5mm cubic WC inserts at 900m/s with similar results. The projectile
quickly decelerates over the course of 70 microseconds to a velocity of 0 and rebounds. The
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same material deceleration curve is evident in a number of different inhomogeneous composites
provided that those composites contain evenly dispersed cubes of high density ceramics. Other
material structures were also evaluated, but yielded less favorable results in comparison to an
even distribution of cubic inserts.
Generally, every projectile decelerated to 0, or passed through the material entirely in a
time ranging from 60 to 100 microseconds. The shockwave that appears as a consequence of
penetration is believed to be slowed and dispersed by the presence of high density inserts. In
effect, the high density inserts behave like a macroscale inclusion at high strain rates thereby
pinning the structure into place. As a transverse wave passes through the material, it is
interrupted and broken into smaller localized stress fields around each individual inclusion rather
than passing directly to the material edges. The energy contained in those stress fields is then
released into the larger bulk material immediately afterwards as the high stress regions relax. In
effect, material is stress-hardened during the moment of impact.
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Figure 17: Projectile Velocity vs time curve of a simulated lead projectile striking a UHMWPE composite
containing cubes with a side length of 2.5mm and a projectile velocity of 900m/s. Semi-constant
deceleration is shown to a minimum velocity of 0. The total deceleration time is determined to be 70
microseconds during the impact event.
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Various composite structures were computationally characterized based on the
penetration depth and deceleration time of the impactor. Each structure was subjected to identical
impact conditions and the result analyzed for the primary characterization factors. The results of
the computational studies and resultant characterization values are summarized in Table I.
The characterization results in Table I display significant variation in output values from
the simulations. It should be noted that the penetration depth of a steel impactor does not always
surpass that of a lead impactor. While the steel impactor is harder and expresses significantly less
deformation, it has lower density and, therefore, lower total kinetic energy. Little direct
correlation is evident between the two materials.
The considerable variability in behavior based on the presence of tungsten carbide
inserts, their density, and their geometry indicate substantial value to the field of study.
Reductions in penetration depth of more than 50% in some cases provide significant incentive
for additional research into the material properties of similar composite structures.
Table I: Characterization data from a number of different structural analyses. Velocity of projectile,
projectile type, penetration depth, and deceleration time to 0m/s are all listed.
Lead
Steel
Ceramic
Impactor
Lead
Steel Penetration
Deceleration
Deceleration
Insert
Velocity
Penetration
Depth (mm)
Structure
(m/s)
Depth (mm)
Time (𝝁s)
Time (𝝁s)
No Inserts

609

No Inserts

900

5mm x 2.5mm

25
[penetration]

[penetration]

150

[penetration]

[penetration]

[penetration]
[penetration]

609

22.5

20

120

100

609

-

27.5

-

140

Ceramic Sheet

609

20

-

135

-

2.5mm Cubic

609

12.5

12.5

60

70

2.5mm Cubic

900

-

20

-

70

5mm Cubic

609

20

12.5

60

90

5mm Cubic

900

27.5

25

80

90

ceramic plates
Tetrahedral
Inserts
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As illustrated in Figures 18, 19, and 20, all geometries are designed such that the
structure, along the Z axis has no points through which the ballistic round may directly pass
through the composite without intersecting a ceramic insert. The ceramic inserts occupy up to 4
layers of the material such that no two inserts are immediately adjacent to each other within the
same layer. In the case of cubic structures, the material was designed such that the inserts
occupied no more than one twelfth of the total volume. Figures 18, 19, and 20 describe the
placement of ceramic inserts for the structures characterized in Table I. The composite structure
was chosen to minimize internal interference with the UHMWPE structure as data is predicated
on the idea that the fibers are not “cut” as they progress linearly through the material. Utilizing
this composite structure, fibers are generally permitted to cover the full length of the material on
at least one axis, thereby retaining the elastomeric properties of the fibers along the X and Y
axis.
Topological variation results in substantial variation in the structures capacity for
absorbing impact energy at high strain rates. That variation is defined both by the physical
interruption of a projectile’s path through the composite material, and in the fashion that stress
fields develop within the material due to the shockwave interruption behavior caused by the
presence of macroscale high density, hard, structures. The sudden stress and strain exhibited by
the ultra high molecular weight polymer material during the impact event results in an effective
impact-hardening within the material. The material composites of greatest interest are those
which contain cubic ceramic inserts as those display the greatest reduction in deceleration time,
and the minimal penetration depth of a steel projectile.
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Figure 18: Material structure of cubic inserts embedded within UHMWPE block material such that there
is minimal interruption of the UHMWPE fibers along at least one axis at any given time.

Figure 19: Material structure of non-cubic inserts embedded within UHMWPE block.

The computational model results in Figure 15 show the impactors velocity is reduced to 0
very quickly over the course of just over 70 microseconds. The deceleration occurs 37% faster
than the 150 microseconds required by a pure polyethylene structure. Additionally, penetration
depth is substantially reduced in the simulated cubic composite structures. In order to confirm
the results, an energy-balance was conducted utilizing tungsten carbide data of appropriate wt%
cobalt and based on the total quantity of material eroded from the model and the amount of
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kinetic energy contained in the projectile58. The energy balance indicates that material erosion of
tungsten carbide resulted in absorption of 87% of the impactors kinetic energy. The remaining
13%, 480J, then being absorbed by deformation and failure within the polyethylene fibers.

Figure 20: Material structure of composites utilizing a single ceramic sheet.

Tungsten carbide cubes in the polyethylene matrix behave as stress-concentrators
interrupting the structural shockwave as it passes through the medium of the polymer semicrystal. In addition, the fracture of the tungsten carbide results in the immediate dissipation of
kinetic energy from the impacting system. The tungsten carbide cubes concentrate high stress at
their corners. In the case of cubes, that becomes eight stress/failure points. Figure 16 shows that
stress concentrates at the corners of the cube. The resulting fracture leaves the majority of the
tungsten carbide structure. The stress concentration in the cubes results in failure modes that
preserve the integrity of the elastomer fibers. The effect is beneficial to the composites impact
resistance to both the lead, and steel impactor.
Due to the consistently positive results found in the simulated material behavior, it was
deemed to be reasonable to develop and test physical iterations of the most promising structures
based on the computational results.
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4. Experimental Design
A series of physical iterations of the most promising computational results was conducted
with the goal of more completely understanding the failure mechanics at play. The physical
experimental design required a number of component engineering questions be addressed first in
terms of material construction. Requirements include a clear understanding of fibrous polymer
sintering, an evaluation of tungsten carbide insert fabrication, identification of the most
promising tungsten carbide topologies, and a complete construction process in a laboratory
setting. Additionally, the considerations of a laboratory setting, while useful, must be placed in
the context for the capacity to mass-produce similar materials for commercial consumption. The
purpose of the exercise is to find a scalable, and efficient manner of producing materials that
exhibit extreme resistance to high velocity impacts.
To develop a method for physical production of testing specimens, an exhaustive review
of literature related to the process of polymer sintering was performed. The physical
experimental design was divided into three sections: ceramic insert production and acquisition,
polymer sintering, and bulk product construction. Additionally, the considerations associated
with the development of a testing apparatus are not negligible. Thus, a section that describes
testing procedures and apparatus design is included within. It is hoped that a thorough
examination of the development process may provide a the reader with a meaningful
understanding such that these examinations might be replicated in the future.

4.1.

Ceramic Insert Production and Acquisition

It was decided that the physical experiments would utilize composite designs that
produced the most effective computational simulation results, i.e. that of the distributed high
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density cubic structures. Due to computational limitations, only distributed cubic structures were
studied in the simulations. Given that physical designs may now be studied, it was decided to
include both distributed cubic inserts and distributed spherical inserts; in the hopes that
variations between the two topological configurations would lead to a more complete
understanding of the composite behavior at extreme strain rates.
Initially, the ceramic inserts were acquired in one of two ways. The first included the
purchase of tungsten carbide ball bearings with a diameter of 5mm and a diameter of 2.5mm
from a commercial vendor. The second was the in-house production of tungsten carbide cubes
pressed to form and sintered at Montana Technological University. Sintering tungsten carbide is,
at this point, a well understood process 59 60 61.
4.1.1. The Purchase of Spherical Tungsten Carbide Inserts
It was expedient to purchase spherical tungsten carbide inserts as materials of the desired
scale of were readily available in the form of tungsten carbide ball bearings. Commercially
produced tungsten carbide spheres with diameters of 5mm and 2.5mm were ordered from the
supplier Global Precision 62. Commercially produced tungsten carbide spheres were determined
to have a porosity of 3%, and were processed such that the surfaces were extremely smooth.
4.1.2. Cubic Tungsten Carbide Inserts
To produce cubic tungsten carbide inserts, it was possible to attain tungsten powdered
tungsten carbide with an average particle radius of 5𝜇𝑚. Utilizing 8 wt cobalt, and 3% wt%
paraffin green binder, the tungsten carbide was pressed at 200 MPa in a form produced by
Imperium Tool and Instrument 63. The pressed tungsten carbide then retained a cubic structure
with a beam between 4.4mm and 5mm. The tungsten carbide was sintered at a temperature of
1270o C for 45 minutes under an argon atmosphere in a GSL-1500X MTI Corporation furnace
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available at Montana Technological University. Following every third sintering, the furnace was
cleaned by bringing it to temperature in an unregulated oxygen atmosphere to oxidize the carbon
and chemical residue.
The sintered tungsten carbide was examined under SEM and compared to examples of
sintered tungsten carbide from the literature to ensure that the WC was structurally sound with
respect to commercial grade tungsten carbide products. As shown in Figure 21, the tungsten
carbide visible under SEM is compared to a comparable tungsten sintered carbide sample
described in literature 64.
The porosity of the produced WC tungsten carbide was found to be 13% as determined
by the average density of the sintered tungsten carbide inserts. The determination was made by
comparison to the ideal density of tungsten carbide as described by chemicalbook 65.

Figure 21: Sintered 8 wt% cobalt tungsten carbide as found in A. Kurlov and A. Gusev, “Tungsten
Carbides: Structure, Properties and Application in Hardmetals” [A] and [B]. Tungsten carbide structures
sintered in the laboratory at Montana Technological University [C].

4.2.

Sintering UHMWPE Composite Construction

UHMWPE sintering has been thoroughly studied by multiple authors66 67 68. The process
of sintering UHMWPE fibers relies on the glass transition temperature of those fibers. By
bringing polymer fibers into close proximity at high pressure near their respective glass
transition temperature, it is possible to bind them to form a polymeric semi-crystal matt (a
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crystalline structure is defined as a structure with a regular repeating and symmetrical structure).
Polymers are notoriously difficult, if not impossible to place into a true crystalline form. A
polymer semi-crystal is constructed by arranging fibers in a regular fashion prior to the sintering
process. Sintering does not cause plastic flow, rather it permits the fibers to bond with one
another in a fashion that regular and symmetrical, preserving the original orientation of the bulk
of the fibers within the polymer matrix.
UHMWPE, in particular dyneema fiber, has a glass transition near 121𝑜 C, and a melting
temperature between 144𝑜 C and 154𝑜 C. By bringing a bulk mass of UHMWPE fiber to its
glass transition temperature and placing it under high compacting pressure, it is possible to sinter
large blocks, rather than thin sheets, of the material.
To ready the material for sintering, it was woven into a regular repeating pattern as
shown in Figure 22. Tungsten carbide inserts were placed within the woven sheets of the
polymer matrix. Tests were performed to determine the final thickness of the dyneema sheets
after the high pressure sintering process. Sheets were engineered with a final thickness of 2.5mm
and cubic or spherical, inserts were placed inside during the weaving process. Figures 22, and
23, show dyneema fiber that has been woven in preparation for sintering into a semicrystalline
form.
Sintering took place in two steps. Initially, individual layers of UHMPE were sintered
into homogeneous bulk structures with a thickness of 2.5mm. It was experimentally determined
that 54 individual layers of fiber (27 complete layers expressing a 90 degree offset) would have
that final thickness. During the initial stage, individual layers of 2.5mm were woven and
tungsten carbide inserts were placed prior to sintering. tungsten carbide inserts placed within,
and sintered. It was also experimentally determined that a period of 15 minutes was required in
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order to completely sinter bulk woven UHMWPE polymer fibers. A substantially longer period
of time than recommended in literature, but given that literature source explored the study of
sintering far thinner UHMWPE structures, such a deviation was necessary.

Figure 22: Tungsten carbide inserts placed within the polymer structure prior to compaction of the overall
material. The structure is designed so that the final thickness of the polymer semi-crystal bulk will be equal
to the diameter of the tungsten carbide inserts.

Figure 23: Small looms onto which UHMWPE fibers were woven. The loom design permits control of the
structural repeating pattern necessary to form a bulk polymer semi-crystal and allows far thicker weaving
than is permitted through the production, or modifications, or thin sheets of sintered UHMWPE.

The second stage of the sintering process required compression of individual layers into a
single bulk of UHMWPE near the glass-transition temperature of the material. The second
sintering process also required an additive binder that was discussed in a number of literature
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sources 69 70. The additional binder is generally recommended as an epoxy or an isoprene binder.
In this case, it was decided to use an Isoprene-Styrene-Isoprene binder due to the fact that such a
binder has already been well understood in the context of material components.
4.2.1. Sintering Procedure
Sintering and compaction of the UHMWPE fibers took place with the assistance of
Montana State University. The material was compacted at 2000 psi of pressure and at a
temperature between 118o C, and 128o C due to unavoidable imprecision in the apparatus. The
weaves of UHMWPE fibers were placed in the compression device and held at temperature, for a
total of 15 minutes. After that time, the material was inverted, and compacted for an additional
15 minutes. The additional time was required to ensure complete heat transfer through the full
2.5mm thickness of the individual layer.
After a total of twelve individual layers had been completed they were be stacked. An
isoprene-styrene-isoprene dissolved in toluene was applied between each layer as an epoxy. The
full bulk of the material was placed in the compression device at 6000 psi of pressure and held
for 40 minutes. The material was inverted and compressed for an additional 40 minutes to ensure
even heating. Figure 26 shows the compression of a single 2.5mm layer of woven UHMWPE.
Figure 25 shows a single 2.5mm layer after the sintering procedure has been completed. It was
observed that the variation in total thickness between the completed UHMWPE structures that
contained tungsten carbide inserts was within several millimeters of the total thickness of those
that did not contain tungsten carbide inserts.
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Figure 24: Final product of sintering UHMWPE into large bulk scale polymer semi-crystal solids, each
block containing 164 layers of UHMWPE.

Figure 25: A sintered 2.5mm thick layer of
UHMWPE

Figure 26: Compaction of UHMWPE fibers into a
coherent semi-crystal with a thickness of 2.5mm

A number of the layers required the inclusion of tungsten carbide inserts. For 2.5mm
inserts, the inclusion of the inserts in the weave was a relatively straight forward process. The
inserts were physically woven into the fiber matrix. For 5mm inserts the inserts had to be placed
well within the material, and a 5mm sheet was created to house the larger inserts. In those cases,
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two individual layers were woven and then placed back to back in the compression apparatus and
sintered. The final product can be viewed in Figure 24. Each individual composite structure was
nearly identical and displayed a depth of thirty millimeters and a length and breadth of sixty
millimeters.
4.2.2. Observations in Sintering
During the sintering process, it was observed that it was more difficult to retain structural
homogeneity with the cubic inserts than with the composite material containing spherical inserts.
The difficulty stemmed from the fact that spherical inserts tend to catch on the woven fibers
during compression whereas the cubic inserts have a tendency to become caught on the fibers
crossing any flat face. It was also found that once at temperature, the UHMWPE fibers were still
able to flow around the cubic inserts. As such, sintering the layers containing tungsten carbide
inserts was slowed and pressure applied more gradually to ensure complete sintering without
causing mechanical failure.
A second observation is that the sintering process concentrates heat in the UHMWPE
inserts, and the rate of thermal travel in tungsten carbide far exceeds that in a pressed fibrous
structure. Those UHMWPE fibers immediately adjacent to a ceramic insert were likely to have
been held near to the glass transition temperature for a prolonged period of time. The regions
surrounding the inserts were particularly functional in terms of binding those inserts into place.
Having been effectively glued into the composite structure by the heat variation led to altered
mechanics than what was studied in computational simulation.

4.3.

Apparatus Design for High Velocity Impacts

A high velocity impact testing rig was developed at Montana Technological University as
visible in Figures 27 and 28. The design was such that a weighted pendulum could be used to

53
hold the composite material. In this way, it was possible to measure the transfer of kinetic energy
from the projectile to the composite by calculating the velocity of the pendulum immediately
after impact.
An accelerometer was attached to the pendulum test rig to determine acceleration
behavior during the impact event and a radial cam designed to measure the deflection of the
pendulum immediately after the impact event. Attached beneath the test rig pendulum was a 9.07
kilogram weight. The entire device was attached to a computational system that could call the
needed keys to run a matlab program from Montana Technological University.
A Photron SA series high speed camera operating at 40 thousand frames per second was
utilized in order to view the impact event in a complete fashion 71. The high frame rate permitted
the observation of shockwave behavior in the material, shockwave travel time through the
composite, the structural behavior surrounding the tungsten carbide inserts, and the behavior of
the projectile on impact. The velocity of incoming projectiles was to be measured with a
chronometer enabling a complete energy analysis for a the projectile was halted by the material.

4.4.

Ballistic Testing

Defendtex, operating out of Moab, UT was contracted to perform physical ballistic
testing of the composite structures 72. Defendtex was chosen due to the fact that the company had
available M855A1 ammunition, which would closely model the computational studies regarding
steel projectiles as M855A1 ammunition possesses a steel front-facing tip, and a steel core
surrounded by a copper jacket as visible in Figure 29. Defendtex also provided facilities for
testing and required ammunition for testing. Each round would be fired with an ideal velocity of
900 m/s as was shown in the second computational testing series. The ballistics tests were
performed in December of 2020 at the Defendtex site. All requisite materials were brought from
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Montana Tech to the Defendtex site with the exception of a chronometer, firearm, and m855A1
ammunition.. The chronometry data was to be provided by Defendtex at the testing site.

Figure 27: Test rig constructed at Montana
Technological University featuring a pendulum to
measure kinetic energy (front)

Figure 28: Test rig constructed at Montana
Technological University featuring pendulum to
measure kinetic energy (side)

Figure 29: M855A1 EPR ammunition structure and design. Image from
https://www.defenceturk.net/muhimmatlar-ve-otomatik-silah-uyumu
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4.5.

Radiographic Imaging

Montana Precision Products was contracted to perform radiographic x-ray imaging of the
composite materials 73. Complete radiographic images taken prior to the high impact testing may
be found in Appendix C. The radiograph x-ray imaging was performed so that specimens could
be thoroughly examined in their internal structure, prior to, and immediately following high
energy impact testing. Figure 30 displays the radiographic image of the composite containing
large cubic tungsten carbide inserts prior to high energy impact testing. The tungsten carbide,
𝑔

with a density of 15.6 𝑐𝑚3 , will display as bright white in a radiographic image, while the
UHMWPE portion of the material will be imaged as a much more ephemeral structure. The
bonding between UHMWPE layers are evident as a less dense portion of the material structure.
In those low-density portions of the material structure, the Toluene-Tyrene-Toluene epoxy acts
as a binder between laminar layers.

Figure 30: Radiographic image of composite containing 5mm cubic tungsten carbide inserts. In the case of
this structure, the penetration direction for the projectile will be from the top of the composite through to
the bottom of the composite.

By these images, it was possible to determine the path of the projectile, the method of
projectile fabrication, and the change in structure and location of the tungsten carbide inserts
through the impact event.
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4.6.

Characterization Criteria

The primary characterization criteria monitored during the physical testing observation
were as follows:


Penetration depth. The total penetration depth of the projectile if the projectile is totally
halted within the composite material of the plate.



Expansion ratio. The expansion ratio is highly indicative of the material’s structure
during the impact event. A small expansion ratio indicates that very little of a projectile’s
kinetic energy was displaced into the material structure, while a high expansion ratio
indicates a substantially increased capacity for the material to absorb kinetic energy.
Large expansion ratios in laminar polymer layers particularly show delamination of
various layers, and the distribution of kinetic energy into the surface area between layers.



Shockwave Velocity. Alterations to the shockwave velocity based on the presence of
high density inserts display the capacity for the material to develop localized stress fields
as structures that permit the material to more completely absorb kinetic energy. A
reduction in shockwave velocity, and observation of localized stress fields supports the
existence of scattering events when an extreme strain-rate shockwave passes through the
material.



Radius of Impact. The material radius of impact describes the scale of damage present in
the UHMWPE semi-crystal material, as well as describing the distance from the impact
site at which direct physical damage was experienced by the tungsten carbide inserts. A
large radius of impact indicates a larger quantity of absorbed kinetic energy in the form
of stress fields and shockwave behavior in the material. Increasing the radius of impact
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directly contributes to halting the projectiles progress through the material as the kinetic
energy is absorbed by a progressively larger surface area within the composite.


Kinetic energy transfer and relative kinetic energy transfer. The transfer of energy from
the material to the test-rig may be observed such that it is possible to determine the
relative behavior of the materials. The kinetic energy transfer from the material into the
pendulum of the test rig provides a basis for examining the quantity of kinetic energy
absorbed, the quantity of kinetic energy of the projectile converted to kinetic energy
within the pendulum, and the quantity of kinetic energy within the projectile.
With the following characterization criteria, a complete and analytical understanding of

the composites behavior during extreme strain rate impact events could be ascertained.

4.7.

Technical Challenges and Corrections

During physical testing a number of technical challenges emerged that resulted in failure
of some data-acquisition. Such concerns resulted in the need to make a number of corrections to
data acquisition methodology and update methods. Such corrections were critical to the
functional acquisition of physical testing as the window for physical testing was highly limited.
During physical testing, the Montana Technological University digital servers ceased to
function. The software, had been coded in matlab on the Montana Tech university license on a
Montana Tech computer. Thus, when the Montana Technological University server system
ceased to function, the borrowed Montana Tech laptop was unable to call the requisite license
key. As such, a number of prepared instruments were not functional and could not gather data.
The software prevented function in the accelerometer and the radial cam. After some discussion
with the Montana Tech Information Technologies office, it was determined that the servers
would not be functional within the window of time available to perform physical testing.
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The Photron high speed camera retained function despite the failure of matlab. It was
decided to perform the tests utilizing the high-speed camera. The weighting of the pendulum was
increased to 18.14 kg to ensure that the target would remain in the camera frame during the
complete impact event. The Photron software would be used to measure the semi-instantaneous
velocity of the pendulum immediately after impact to calculate the kinetic energy transfer, and
the acceleration of the target during the impact event. This solution was found to be functional,
though it created a slightly larger error in the final kinetic energy calculations.
A second failure was experienced by Defendtex which resulted in the subsequent failure
of four separate chronometers during the testing process. With an inability to precisely measure
kinetic energy of the projectile, it would be impossible to perform a proper energy balance.
Instead it was decided that Defendtex could provide a number of sample chronographic readings
of the M855A1 velocity at the target distance. With a sufficient sample size, it was possible to
perform a Gaussian analysis of the velocity data. Thus, a Gaussian was performed using data
provided by Defendtex, the details of which are available in Appendix C. The velocity of the
M855A1 rounds was determined to be 902.88

𝑚
𝑠

𝑚

(plus minus 4.2 𝑠 ) with a confidence of 0.95.
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5. Experimental Results
Physical experimentation produced a number of interesting results which are divided into
the characterization criteria specified in Section 4.5. Additional considerations analysis is
provided below with respect to the individual results and how those results relate to the
computational examinations. Physical testing at such extreme kinetic energies and computational
analyses at said energies can vary substantially both in design, and in result.
Considering the observed variance between results from the computational model and
physical testing, it is possible to come to a better understanding of computational mechanics.
Doing so allows the development of a framework of modifications that can be made to the
computational model to more accurately represent physical results. Similarly, it is also possible
to begin the development of a mathematical model that might more easily guide the development
of composite structure design featuring embedded extreme density variation at high strain rates
in the future.

5.1.

Penetration Depth and Radiographic Imaging

The pure UHMWPE specimens, visible in Figures 31, 32, and 33, suffered complete
penetration of the EPR steel projectile as predicted by the computational simulation. The steel
front-face of the M855A1 projectile produced a narrow hole with very little expansion. While the
steel tip penetrator passed all the way through the composite, the copper jacket was ripped apart
by the UHMWPE and distributed into the material.
Specimens containing 2.5mm spherical tungsten carbide inserts, as shown in Figures 36
and 37, likewise suffered complete penetration of the projectile during the impact event. The
radiographic images show full penetration and substantial delamination toward the base of the
composite structure. The extent of delamination is substantially higher than that observed in the
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pure UHMWPE specimen. Additionally redistribution of the position of the spherical tungsten
carbide inserts is visible in the specimens containing 2.5mm inserts. In particular, the relocation
of the spherical inserts occurs immediately surrounding the impact location. Total penetration of
the composite, however, still occurred indicating substantial variation between the tested
composite specimen and the computational analysis.

Figure 31: View from along the Z axis.
Delamination can be seen occurring in the
composite, demonstrating some energy distribution
into the material.

Figure 32: View from along the X axis. The material
demonstrates relatively little delamination from this
angle, and the penetration hole is difficult to make
out.
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Figure 33: View from along the Y axis clearly showing the clean penetration hole
and the copper jacker that has been ripped off the projectile during the impact
event.

Specimens containing 2.5mm cubic tungsten carbide inserts, shown Figures 34 and 35,
show meaningful displacement of the cubic inserts during the impact event. The inserts
immediately in the path of the projectile appear to have been effectively destroyed by the
projectile, and those nearby appear to be displaced by the travel of the projectile. The increased
delamination towards the rear of the composite also indicates that the destruction of the inserts
absorbed a substantial quantity of kinetic energy from the projectile as compared to the pure
UHMWPE specimen.
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Figure 34: View along the Y axis of specimen
containing cubic 2.5mm tungsten carbide inserts.
Some delamination can be seen on the back side of
the material structure diverted away from the point
of impact.

Figure 35: View from along the X axis of specimen
containing cubic 2.5mm tungsten carbide inserts.
Copper jacket material can be seen distributed
within the material along with substantial
displacement of tungsten carbide inserts.

Figure 36: View from along the Y axis of specimen
containing spherical 2.5mm tungsten carbide
inserts. The increased delamination indicates
substantial energy distribution.

Figure 37: View from along the X axis of specimen
containing spherical 2.5mm tungsten carbide
inserts. The copper jacket can be spread directly in
the path of the projectile.

The specimen containing cubic 5mm tungsten carbide inserts in Figures 38 and 39, show
substantial fracture of the tungsten carbide inserts from the travel path. It is also evident that the
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projectile landed in a location that was sufficiently far from the center of the composite that it is
difficult to determine whether the resultant fracture is accurately representative of the whole. The
projectile appears to have caused substantial delamination in the center of the composite at a
depth of 15mm to 25mm a space can clearly be seen where the rearward face of the composite
delaminated from the forward face of the composite structure. The 2.5mm depth of delamination
appears consistent for materials created with the larger, 5mm, tungsten carbide inserts.

Figure 38: View along the Y axis of specimen
containing 5mm cubic tungsten carbide inserts.
Substantial fragmentation can be observed in the
horizontal orientation of powder and dust in the
material. The UHMWPE material can be seen at
substantially reduced density at a 15mm to 20mm
depth indicating near total delamination between
layers.

Substantial

Figure 39: View from along the X axis of specimen
containing 5mm cubic tungsten carbide inserts.
Substantial fragmentation can be seen at a depth of
15mm, along with pulverization of the material. As
such it is difficult to identify the copper jacket
embedded in the composite material.

pulverization of the tungsten carbide inserts in the path of the projectile was

also observed. It is believed that the initial pulverization of the projectile caused substantial loss
of kinetic energy as it passed through the composite structure. At a depth of 15mm, the
projectile’s relative friction with the surrounding material increased dramatically resulting in the
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observed delamination. As with other samples, however, the composite containing 5mm cubic
tungsten carbide inserts experienced total failure and the projectile penetrated the material
entirely.
The specimen containing 5mm tungsten carbide spheres is visible in Figures 40 and 41.
The composite material suffered similar structural failure to that of the material containing cubes,
displaying delamination at a depth of 15mm to 25mm. The increased delamination is also
coupled with relocation of the tungsten carbide inserts, particularly towards the rearward face of
the composite material. In Figure 41 a clear projectile path running from the front face to the
rearward most face of the composite with a large quantity of damage along the route taken by the
projectile. A large amount of material has sloughed off of the projectile, primarily copper
jacketing material, but also potentially including fractured steel from the front face of the
projectile. Disassembly of the material after impact allows direct imaging and analyses of the
physical remains. The calibration specimen shown in Figures 42 and 43 was utilized to
determine the appropriate range placement, and necessary impact velocity. The calibration
sample was ripped off of the test stand by the force of the impact preventing an analysis of
kinetic energy; the resultant damage is of particular interest. The calibration specimen consisted
of an UHMPWE composite with embedded spherical 5mm tungsten carbide inserts.
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Figure 40: View from along the X axis of the
specimen containing 5mm spherical tungsten
carbide inserts. The material shows substantial
delamination both at the initial strike face, and at a
depth of 15mm to 25mm where the 4th layer of the
tungsten carbide inserts can be observed.

Figure 41: View from along the Y axis of the
specimen containing 5mm spherical tungsten
carbide inserts. A clear projectile path can be
observed from the right side of the image passing
through to the left side of the image. A significant
amount of delamination can be seen, as can fracture,
and physical damage along the route taken by the
projectile.
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Figure 42: View from along the Y axis of the
calibration specimen containing 5mm spherical
tungsten carbide inserts. Direct damage to the
projectile can be seen through the midsection as
fragmentation of the projectile was substantial
during the impact.

Figure 43: View from along the X axis of the
calibration specimen containing 5mm spherical
tungsten carbide inserts. The material shows
substantial delamination and 3 tungsten carbide
spheres that have been moved to the rearmost 7mm
of the composite.

Substantial delamination is evident within the structure at a depth of 15mm to 20mm. The
behavior of the calibration composite specimen differs substantially from other samples. The
impact event pressed three tungsten carbide spheres well out of position by the impact event and
into the rearward most portion of the sample. The kinetic energy was much more evenly
distributed as determined by the amount of delamination which took place. Some of these
differing effects are likely a consequence of the calibration specimen having been insufficiently
secured to the test stand, resulting in an extended contact of time with the projectile during the
impact event because the sample was permitted to accelerate. Some of the differential was likely
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caused by the projectile directly impacting a tungsten carbide insert in the first layer as can be
seen in the visible debris at the impact site as shown in Figures 44, and Figure 45.

Figure 44: The fractured and deformed steel penetrator from the M855A1 round found at a depth of 46
millimeters within the expanded composite structure.

Figure 45: The M855A1 steel penetrator embedded in the UHMWPE fibers (A). Hole punctured through
the UHMWPE just above the steel penetrator where the copper plug separated from the steel portion of
the round (B).

Steel fragments were identified in the upper layer of the calibration sample along with the
fragmented remains of the tungsten carbide spherical inserts. The steel penetrator was located at
depth of 23 millimeters, and at a depth of 28 millimeters, the copper plug (as specified in Figure
29) was also found, indicating that the projectile impacted the tungsten carbide spheres and came
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to rest entirely within the composite structure. The steel penetrator was found to have deviated
from its initial orientation at impact by an angle by 15 degrees, and tungsten carbide fragments
were found throughout the material. It was determined that the copper plug actually penetrated
deeper into the material than the steel penetrator. After encountering a tungsten carbide spherical
insert directly in the path of the projectile, the projectile began to tumble and the copper plug
separated from the projectile, and penetrated deeper into the structure. The results are in that way
in direct agreement with the computational results where it was found that the lead projectile
would have a greater penetration value than the steel projectile at high velocities in a number of
the simulated impact events.
The steel penetrator in Figure 45 can be seen where it was embedded in the polyethylene
matrix after encountering a tungsten carbide sphere directly in its path through the material. The
steel penetrator suffered substantial fracture and damage. A shattered tungsten carbide sphere,
along with the copper jacket and plug can also be seen. The total stoppage of the m855A1 round
has a calculated penetration depth of 26 millimeters prior to the expansion of the composite, and
a penetration depth of 56 millimeters in the expanded composite material.
Finally, a commercial product was also similarly tested with an M855A1 cartridge and
projectile. The commercial product is a UHMWPE NIJ 3+ ballistic plate as sold by
bulletproofme. The results of the commercial impact testing shown in Figure 46. In the case of a
commercial product, the structure experienced reduced delamination resulting in a clean hole
puncturing through the entirety of the structure. The projectile penetrated the entirety of the
UHMWPE ballistic plate and the energy was tightly confined by the region immediately
surrounding the point of impact resulting in a clean puncture all the way through the material.
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Figure 46: Commercial UHMWPE sample subjected to an m855A1 projectile as viewed along the Z axis.
The copper jacket can be seen distributed within the material.

The steel penetrator of the projectile behaved very similarly to the behavior described by
the pure UHMWPE structure constructed at Montana Technological University. Both
experienced little delamination and a tightly confined hole penetrating through the entire bulk of
the material.

5.2.

Expansion Ratio

The expansion ratio of each composite material was determined via measurement before
and after impact testing the material. The expansion ratio is a good indicator of the relative
quantity of kinetic energy absorbed by the material through material failure and delamination.
Laminate materials expand and delaminate in layers as described by Colombo (2006), and
O’Masta (2014). The delamination rate is qualitatively proportional to the amount of energy
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absorbed in the failure between layers as discussed in Section 6. As the projectile decreases in
velocity, the rate of delamination increases until, as the projectile’s velocity is reduced below the
critical velocity required to penetrate the polymer layer completely, delamination becomes the
primary mode of kinetic energy absorption within the material itself.
The expansion ratio of each specimen is given in Table II. The expansion ratio is the
highest for the calibration specimen. The Pure UHMWPE specimen has a comparable expansion
ratio to the commercially produced pure UHMWPE ballistic material, indicating that the
laboratory produced material is structurally comparable to the commercial product. The initial,
and expanded, thicknesses are described to within 1mm.
Table II: Expansion ratios for physically tested composite materials
Expansion Ratio

Initial Thickness

Expanded Thickness

Expansion Ratio

Pure UHMWPE

30 mm

42 mm

1.40

2.5mm Cubic Composite

30 mm

47 mm

1.57

2.5mm Sphere Composite

30 mm

47 mm

1.57

5mm Cubic Composite

31 mm

51 mm

1.65

5mm Sphere Composite

32 mm

59 mm

1.84

Calibration (5mm sphere)

32 mm

64 mm

2.00

Commercial Product

25.0mm

36 mm

1.44

In accordance with the data shown in Table II, The expansion ratio varies based on the
material structure. The composite structures containing 2.5mm tungsten carbide inserts
experienced nearly identical expansion ratios despite variation in impact site, and variation in
composition. The similarity of these results indicates that there is no substantial alteration in
material behavior based on the local topology of the inserts. Instead, the variation in impact
behavior appears to adhere to the positioning and scale of the tungsten carbide inserts.
A total expansion ratio of 1.65 was observed in the 5mm cubic composite. This value is
substantially lower than that of the spherical inserts. Among the reasons was that the projectile
positioning in the 5mm cubic composite test was near the edge resulting in a side-ejection. It
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appears that the expansion ratios of the composites containing 2.5mm inserts are equivalent, it
can be stated that, were the projectile ideally placed on-target, then the expansion ratio of the
composite containing 5mm cubic inserts would be equal to that of the composite containing 5mm
spherical inserts.
The composite containing 5mm spherical tungsten carbide inserts had the largest
expansion ratio (1.84) with the calibration specimen having an expansion ratio of 2.
Observations of the expansion ratio in conjunction with the radiographic images (Figures 33
through 43) indicate that the location of increased expansion occurred in 15mm to 25mm inside
the composite material. It appeared that the depth of the distribution of the composite inserts
played a critical role in the projectile behavior when passing through the material. As the
projectile slows, there is a point at which it slows to a critical velocity and the effects of the
tungsten carbide inserts and the delamination begin directly absorbing energy. The increased
expansion ratio is attributable primarily to the 4th layer of the tungsten carbide inserts, with
earlier layers serving to break up the shockwave passing through the composite, and interrupt the
progression of the penetrator directly, the 4th layer serves to substantially redistribute kinetic
energy throughout the interior semi-crystal structure of the composite itself.

5.3.

Shockwave Velocity and Stress Fields

The shockwave velocity of the material was determined by analyzing the high speed
camera footage. The high speed camera footage recorded in detail the secondary transverse
wave. The initial shock occurs too quickly to be accurately defined within the available frame
rate. The initial shock travels outwards immediately within 0.5 to 1 frame, which is within the
margin of error for such measurements.
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The transverse shockwave velocity was measured by determining scale within the high
speed footage frame. A reference feature was chosen within the frame and the shockwave
viewed as it passed from the point of impact to the reference point. The velocity was calculated
by the time-stamp of the frame rate and a physical measurement from the point of impact to the
visible feature along the specimens surface. Given that the transverse shockwave is of substantial
amplitude, the shockwave was determined to have reached the reference point when the
oscillation of the reference point reached its greatest level of variation. The transverse
shockwave velocity could then be calculated to within an error range. In this case, the error range
was considered equivalent to three frames of high speed camera footage, providing relatively
large margins of error in the analysis. The analysis of these results are visible in Figure 47.

Transverse Wave Velocity (with error bars)
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Figure 47: Velocity of secondary transverse wave across material with error bars

Despite the relatively high degree of error, there is a substantial reduction in the velocity
of the transverse wave as it passed through the composites containing the 2.5mm inserts. The
reduction in velocity may have occurred due to mass concentration in the uppermost layers of the
composite while those with a more even distribution of mass (those with larger inserts and
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requiring the inserts to be distributed through 8 laminate layers rather than through 4 laminate
layers) experienced a higher velocity of the visible transverse wave across the surface of the
composite material.
Figures 48 and 49 show the transverse shockwave traversing the composite material.
When the wave passes over the material clear stress fields can be viewed where ridges are
momentarily formed in the structure. These break down into localized stress fields as predicted
by the computational simulations. The stress fields, however, do not deliver physical damage to
the tungsten carbide inserts outside of extremely close proximity to the moving projectile.

Figure 48: Moment of impact against test specimen
with embedded 5 mm spheres of tungsten carbide.
The point of impact can be seen as the white point
in the center of the image

Figure 49: Stress propagation creates localized stress
fields creating ridges above the position of the
tungsten carbide inserts embedded in the polymer
semi crystal
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5.4.

Radius of Impact

Radius of impact describes the scale of the region incurring physical damage from the
impacting projectile. The radius of impact changes based on the depth of penetration of the
projectile. A large initial radius of impact indicates immediate deformation of the projectile,
while a smaller radius of impact indicates the projectile passed through the composite with a
reduced distribution of kinetic energy.
It was found that the steel penetrator makes a very small initial puncture in the
composite, the radius of impact is measured at a 5mm depth in the composite and at a 20mm
depth in the composite (as calculated prior to expansion), and the exit hole produced by the
projectile was measured. The variable measurement provides an indicator as to the depth at
which the kinetic energy was lost from the projectile, and whether the steel penetrator was
deformed or began to tumble while passing through the material structure.
The radii of impact along with the equivalent depths for composite specimens are
compared in Table III. Measured impact radii are shown in Figures 50, 51, 52, and 53. The
methodology places the radius of impact as equal to half the diameter of the direct damage to the
specimen measured at its largest value. The data in Table III indicates that the radius of impact is
substantially different between the pure UHMWPE and the UHMWPE containing tungsten
carbide inserts. A total increase in the radius of impact of over 200% is observed at a depth of
20mm. The quantity of kinetic energy thereby distributed upon impact similarly increased
substantially. At a depth of 5mm, the location of the initial penetration, the difference is even
more pronounced with up to a 283% increase in the radius of impact. At, the radius of impact
drops in the case of the composites while increasing in the case of the pure UHMWPE.
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The distinction between the behavior of the pure UHMWPE specimens and the
specimens containing inserts implies that there is an initial and immediate shedding of kinetic
energy from the projectile during the initial contact with a composite structure, while contact
with the pure UHMWPE results in a conical shaped region of damage that passes all the way
through the material. The distinction is critical to understanding the mechanism of failure present
in these systems. By creating an initial contact point with a hard ceramic followed by supporting
layers of embedded ceramic, the number of mechanisms to promote kinetic energy absorption
increases substantially. Thus, the scaling of the radii of impact through the materials determines
the point at which primary loss of kinetic energy begins. In the case of the calibration specimens,
there was no exit point at all, rather the entire M855A1 round, including the steel penetrator tip,
was halted inside the composite.
Table III: Radius of impact for tested composite specimens, measured to within 0.25mm
Impact Radius at

Impact Radius at 20mm

Radius at exit point

5mm
Pure UHMWPE
2.5mm Cubic Composite
2.5mm Sphere Composite
5mm Cubic Composite
5mm Sphere Composite
Calibration (5mm sphere)
Commercial Product

2.6mm
2.5mm
2.8mm
2.4mm
6.5mm
6.5mm
2.3mm

5.4mm
5.7mm
4.8mm
4.3mm
7.0mm
7.2mm
6.1mm

8.9mm
6.5mm
[Side-Ejection]
[Side-Ejection]
3.1mm
[Failure to Penetrate]
8.5mm

The radius of impact for both the calibration specimen and the 5mm spherical composite
are roughly equal to one another. The radius of impact for the calibration sample was only
slightly larger at a depth of 20mm. The radius of impact for the 2.5mm composites are also quite
similar. The cubic composite structure suffered a side-ejection towards the end of the path of the
round through the material, resulting in no exit point. The side-ejection in specimens indicates a
strong correlation between impact radius and direct intersection of the projectile with a tungsten
carbide insert.
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It appears that in the case of the 5mm spherical composite and the calibration specimen,
the projectile initially impacted a top-layer tungsten carbide insert prior to continuing through the
material. While, as visible in Figure 52, there appears to be little initial contact between a toplayer tungsten carbide insert and the projectile when tested against a composite containing 5mm
cubic inserts.

Figure 50: Maximum size at 20mm depth of
calibration sample facing along the negative Z axis.

Figure 51: Maximum size at 20mm depth of
calibration sample facing along the positive Z axis.

A similar problem is apparent in the specimen composite containing 2.5mm spherical
tungsten carbide inserts, where an off-center projectile resulted in side-ejection of the projectile
from the composite. The side- results in the projectile behaving almost identically to the way in
which it would be in the pure UHMWPE specimen.
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Figure 52: 5mm cubic composite at a depth of 5mm showing a projectile travel path adjacent to, but with
minimal intersection with, the embedded tungsten carbide inserts.

Among the more interesting results is the cubic 2.5mm composite. In the 2.5mm cubic
composite, the tungsten carbide inserts generated a larger radius of impact and provided support
for the composite structure in the initial portion of contact with the projectile. That support
resulted in projectile expansion as passing through the polymer matrix, and the radius of impact
increasing in scale to 5.65 mm.
The exit radius of impact for the composite containing 2.5mm cubic inserts is
substantially larger than that of the exit radius of impact for the composite containing 5mm
spherical inserts. It appears that the primary energy loss occurs at a depth of 15mm to 20mm
within the object, which is consistent with the findings from the radiographic images. After that
point, the energy loss is either sufficient to begin delamination, or the energy loss is insufficient
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and the penetrator continues forward creating a conical shaped region of damage until exiting the
material. In the former case, delamination begins and layers are removed from the composite in
an ordered fashion resulting in a small exit radius of impact. In the latter case, the radius of
impact continues to expand until the projectile exits the composite. The conical shaped region of
damage that appears if the projectile is not reduced to a velocity less than the critical velocity for
material delamination. A number of conclusions were from this information.
Initial contact with the tungsten carbide insert initiates projectile fragmentation and
creates a zone between 15mm and 20mm within the material at which the projectile is likely to
drop below the critical velocity to begin delamination. At that depth, during the delamination, the
presence of high density inserts provides resistance to the delamination and shock effects
occurring within the material. If the projectile does not encounter sufficient resistance at the
composite front-face, it will not drop below the critical velocity to begin delamination prior to
exiting the composite. The tungsten carbide inserts served two primary purposes: in the initial
phase of contact, the projectile impacts the inserts and the hardened steel tip fragments; and at a
depth of 20mm, the tungsten carbide provides an resists, through inertia, the delamination that
takes place after the projectile has fragmented.

5.5.

Kinetic Energy Transfer into the Test Stand

Kinetic energy transferred to the test-stand was determined from the high speed Photron
camera footage. In lieu of data available from a cam, the kinetic energy examination was
performed by analyzing the semi-instantaneous velocity indicated by the movement of the test
stand. The Photron software provides the ability to track the movement of specific points within
the image across multiple frames. Using said feature, it is possible to determine the movement
determined by the absolute number of pixels traveled over a given time interval. That data is then
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converted to a distance by determining the scale of the material within the frame. Distance over
time may be converted to a velocity via linear regression with an 𝑅 2 value between 0.95 an 1.
Data was taken immediately after the deformation of the test stand as kinetic energy was
transferred to the bulk of the pendulum. The velocity was then translated to a kinetic energy
value by calculating the moment of inertia of the test stand with the vast majority of the
pendulums mass behaving like a point-mass of 18.14 kg attached to a beam with a total mass of
3.63kg, as determined by Equations 11 and 12.
𝑰𝒃𝒆𝒂𝒎 =

𝟏
𝒎 𝑳𝟑
𝟑

𝑰𝒘𝒆𝒊𝒈𝒉𝒕 = 𝒎 𝒓𝟐

( 11)
( 12)

𝟏
( 13)
𝑰 𝝎𝟐
𝟐
Summing the moments of inertia, and determining the rate of rotation about the top of the
𝑻=

test stand provides a kinetic energy in joules as described by Equation 13. The resulting units are
in joules of kinetic energy. The kinetic energy transfer from the material to the test stand is
reported as a ratio. The ratio of kinetic energy transferred to the test stand by a given specimen to
the kinetic energy transferred to the test stand by the blank UHMPE specimen which contained
no tungsten carbide inserts.
The largest source of error in this examination originates from the Photron software as it
is only capable of measurement within a single pixel of distance. That source of error is
minimized by performing linear regression on the output data to a high degree of accuracy. Each
value is provided in Table IV, and the output is provided as a ratio, along with the highest
percentage error, given by error propagation as defined by equation 14 74.

𝑸 = √(

𝜹𝒂 𝟐
𝜹𝒃
) + ( )𝟐 + ⋯
𝒂
𝒃

( 14)
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Table IV: Kinetic energy transfer and error values

Pure UHMWPE
2.5mm Cubic Composite
2.5mm Sphere Composite
5mm Cubic Composite
5mm Sphere Composite
Commercial Product

Ratio of Kinetic Energy
transfer to Pure UHMWPE
1.0
0.19
0.11
0.35
2.11
4.86

Error Value
0.32
0.25
0.26
0.23
0.32
0.28

Absolute kinetic energy
(Joules)
0.9
0.2
0.1
0.3
1.9
4.4

The calibration sample is absent from Table IV because the calibration sample as the
calibration sample was ripped from the test stand by the force of impact. Thus, high speed
footage of the calibration sample is not available, nor is a calculated kinetic energy value for the
calibration sample.
In the cases of the 5mm spherical composite and the commercial material specimen, a
substantially higher absolute kinetic energy was transferred to the test rig. Upon evaluation it
was determined that this additional transfer of kinetic energy likely occurred when the projectile
passed through the composite and into the steel clamp behind the composite. The kinetic energy
transfer values were insufficient to be meaningful as the error values are too high, and the
observed values too low.
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6. Discussion and Analysis
A general view of the material failure requires a structured examination based on the type
of damage experienced under high energy impact and a quantitative discussion of the material
properties and methods of energy loss. It is also necessary to explore the similarities and
dissimilarities between the computational simulations and the physical testing of the composite
materials. As indicated in Table I, the total penetration depth of a steel projectile was equal to
25mm while the penetration depth of a lead projectile was 27.5mm against a structure containing
5mm tungsten carbide cubic inserts. Therefore, while the structure was close to failure, it
consistently prevented penetration in the computational explicit dynamics simulation.
In the physical testing, semi-consistent penetration was found to occur, indicating
variation between the computational examination and the physical examination. The composite
failure is attributed to several factors:


Imperfection in construction design and a lack of structural symmetry at target location.
The physical construction introduced design flaws not present in the computational
analysis, which utilized a perfectly symmetrical model. Another difference is variation in
the depth and angle at which the projectile struck the tungsten carbide inserts. In
simulation, the inserts were much more consistently struck by the projectile due to the
nature of a symmetric and deterministic computational system. The inconsistency of
impact angle and strike location of the tungsten carbide inserts created variability in the
material properties that a perfect simulation does not accurately represent. While the
calibration sample (containing 5mm spherical inserts) did bring the incident projectile to
a complete halt, the equivalent 5mm spherical specimen failed to do so despite similarly
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centered projectile placement. Substantial variation is then due to minor variations in
insert placement between physical specimens.


The ogive tipped projectile modeled in the simulation was not directly equivalent to the
pointed projectile utilized in testing. This limitation of the ANSYS explicit dynamics
system led to a slightly higher likelihood of penetration failure. A modeled ogive tip is
more prone than a pointed tip to cause compression failure and lateral displacement
failure in the layers immediately before the projectile. The sharp-tipped projectile is more
likely to cause shear failure and tension in the fibers immediately adjacent to the tip
rather than compression failure. It is also more likely for a sharp-tipped projectile to
glance off of a tungsten carbide insert than cause compression failure in the ceramic.
Thus, the sharp-tipped projectile may experience slightly less energy loss due to striking
an insert than an ogive-tipped projectile.



The composite projectile was found to have slightly different behavior when compared to
a single material projectile. The utilization of a single-material projectile was selected
due to computational limitations at Montana Technological University. When dealing
with such high velocity components, computational difficulties arose between varied
materials contained in a single mesh. consequently it was decided to experiment with
high velocity modeled projectiles of a single material. The sheathing event that took place
in the upper 10mm of the composite during an impact was not modeled as it is reliant
upon a projectile sheathed in a ductile copper jacket.
While some variation is evident between the computational models and the physical

design, the computational results were still highly indicative of the results in physical testing. It
was found that full penetration took place in many of the samples, with the exception of the
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calibration sample. The calibration sample was distinct in that the partial penetration that took
place was highly reflective of the varied computational results. The steel tip of the projectile was
found to have penetrated to the 10th layer of the UHMWPE at a depth of 23mm, matching the
computational results (25mm) to within 2mm or 7% of the computational results.
Simultaneously, the copper plug was found to penetrate the composite to a depth of 28mm, being
within 2% of the computational results (27.5mm). While full penetration took place in the
majority of composite specimens, it was found the penetration depth, as computationally
modeled was extremely close to the penetration depth of an equivalently struck composite
sample. These findings lead to the conclusion that a more consistently constructed and impacted
composite is very likely to have properties more closely resemble those of the computational
results. Of course, ensuring consistent strikes and construction will require further developments
in terms of engineering.
A number of analyses can be conducted in terms of a mathematical analysis of various
materials properties when subjected to a high energy impact. An analysis of the transverse wave
velocity, an analysis of the critical velocity for delamination, and general analysis of the material
failure behavior may all be performed with results acquired from the physical testing and
compared to the computational results to refine the computational model.
The expansion ratio is represented by structural energy dispersion within the material and
is clearly dependent upon both the presence of tungsten carbide inserts, the scale of the high
density inserts, and the depth at which those high density inserts are found. In terms of physical
testing, a significant increase in the expansion rate occurs when the tungsten carbide inserts are
more evenly distributed vertically through the composite. Thus, it was seen that 5mm tungsten
carbide inserts, being more evenly distributed throughout the composite, increase the expansion
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ratio substantially while the 2.5mm inserts are only present in the first 12.5mm of the composite
have a reduced expansion ratio.
The impact event is discussed in a series of distinct phases to more thoroughly understand
the sequence of events. The impacting projectile experiences initial contact with the target, a
sheathing event where the copper sheath is torn from the projectile, and a penetration event
where the projectile passes through the polymer semicrystal and tungsten carbide inserts. If the
projectile has sufficiently reduced velocity, the penetration event is followed by a delamination
event where the projectile is caught in the composite or where the composite begins to
delaminate at a depth of 20mm as the projectile passes through the last three or four layers of
UHMWPE before exiting the structure. In terms of equivalency to the projectile as
computationally modeled, the material models consistently lack an initial sheathing event,
instead resulting in compression failure of the polymer fibers in the upper most 10mm.
Each of these impact phases can be quantitatively examined in terms of energy lost to the
material and structural behaviors within the material including the appearance of stress fields
with the initial pressure wave. Of particular interest is the stress field behavior that can be
defined by a complete energy analysis of the calibration sample general energy analyses
performed on the other composite specimens. Those values can then be compared to the
computational results to determine the presence significant increase in general penetration
resistance. The stress field behavior is supported as a potential component in initial strainhardening, the transverse shockwave, and in the structural delamination at more significant
depths within the material.
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6.1.

Quantitative Analysis of the Transverse Wave Behavior

The transverse wave behavior identified in Figure 47 describes the observed velocity of
the transverse wave in the high speed footage of the impact. A number of equations can be
utilized to define the transverse wave velocity as described in literature provided by Naik (2012).
Equation 15 describes the modified equation utilizing a Δ𝜌𝑖 term to describe variation in density
due to the relative volume-density of tungsten carbide inserts within the upper half of the
composite in the material effectively increasing the represented material density. The relative
density is defined as the integral of angle of the stress field formed when the projectile penetrates
the composite to the depth of the first five layers multiplied weighted by the total area of the first
five layers, multiplied by the density of tungsten carbide inserts contained within those layers,
multiplied by the density of tungsten carbide, as described in Equation 16.

𝑽𝑳 = 𝝀𝒎 √(

𝜟𝝆𝒊 = 𝝆𝑾𝑪 ∗ [𝟏 − 𝝆𝒑𝒐𝒓𝒐𝒔𝒊𝒕𝒚 ] ∗

𝟏
𝒅𝝈𝒎
𝒍
) 𝒎
𝝆 + ∆𝝆𝒊 𝒅𝜺𝒍

( 15)

𝑫=𝑫𝒐
𝑽𝑾𝑪
𝟏
∗[ ∗∫
−𝑫 + 𝟏 𝒅𝑫 ]
𝑽𝒐
𝑫𝒐 𝟎

( 16)

The variable symbols are defined in Appendix B, and determined by the literature and
measured properties of the composite component materials. Shear strain and shear stress values
given by O’Masta (2014) state that the ultimate shear perpendicular to fiber within the composite
is 1.5MPa. Poisson’s ratio is given as 0.1 along fiber and 0.45 perpendicular to fiber. The lamè
constant (𝜆𝑚 ) is therefore a value of √3.3 perpendicular to the fiber75. Given that the
mathematical study is observing the transverse wave, it is necessary to consider that the
shockwave parallel to the fiber has already passed, thus the values to produce the lamè value are
defined as those values perpendicular to the fiber direction. Shear strain was given by the SIS
binder, which is the primary bonding element between laminate layers, and the transmission of
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force in the direction perpendicular to fibers. The maximum shear strain is given by Zuka (1987)
as 0.1 76.
The relative density is taken as a weighted fraction of the volume in the five upper most
1

layers of the composite provides a relative density of 5 =
1

2.5mm tungsten carbide, and a value of 10 =

𝑉𝑊𝐶
𝑉𝑜

𝑉𝑊𝐶
𝑉𝑜

for the composite containing

in the case of the composite containing 5mm

tungsten carbide inserts. The results from the mathematical equations closely match those
observed in the high speed footage to within the margin of error for all observed composite
specimens tested. The results of the calculated and observed velocity, along with the percentage
difference between them are shown in Table V.
Table V: Mathematical values of the transverse wave velocity as compared to observed values given in m/s
Specimen

2.5mm

5mm Spherical

2.5mm Cubic

5mm Cubic

spherical inserts

Inserts

Inserts

Inserts

No WC Inserts

Calculated (m/s)

121

151

126

155

226

Observed (m/s)

114

153

111

168

206

5.96%

1.32%

12.66%

8.05%

9.26%

Percentage Difference

Alterations to the surface velocity of the transverse shockwave wave can be defined in
terms of a reevaluation of the material density through the introduction of a ∆𝜌𝑥 term. While
having a substantial effect on the velocity of the transverse wave, the effect is caused directly by
the increased relative density of the material due to the presence of the tungsten carbide inserts.
The density scattering effects, while highly present do not substantially couple to the transverse
shockwave occurring at the surface, instead interacting primarily at more substantial depths
within the material. It is therefore necessary to define the effects of the apparent stress fields in
terms of the direct damage and expansion ratio within the material as caused by the impact.
Having shown that the material behavior conform to those behaviors mathematically
described by Naik(2012), it is possible to use that description to perform more advanced energy
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calculations as energy is absorbed through multiple mechanisms in the impact event. Each
mechanism of energy absorption may be calculated, and an additional mechanism describing the
observed density based damping and scattering effects may also be constructed.

6.2.

Energy Absorption Mechanisms

Several structural mechanisms in the composite absorb the projectiles kinetic energy in
both the physically tested specimens and through the computational simulations. Identifying
these mechanisms and mathematically describing them in a prescriptive manner permits the
development of frameworks for the future development of similar material composites.
Energy loss occurs initially in a sheathing event where the copper jacket of the m855A1
projectile is torn from the projectile. The second primary kinetic energy loss of the projectile
occurs through tensile failure of the composite and direct impact against the tungsten carbide
inserts. The transverse shockwave creates stress fields within the material as the composite layers
delaminate, causing energy transfer through both delamination and stress field generation. The
delamination was seen to occur at a substantially higher rate as the projectile slows. The energy
absorption mechanisms of stress field generation and delamination were found to occur at a
depth of at least 15mm inside the composite material in post-impact analysis.
In the UHMWPE specimen and the commercial product specimen, delamination and
expansion ratio are observed to be substantially reduced, as visible in Table II. The expansion
ratio of the commercial product and UHMWPE specimens were a factors of 1.44 and 1.40,
respectively. Additionally, no significant deep-layer delamination event was observed. In the
5mm tungsten carbide spherical specimen and the 5mm calibration specimen a much more
significant expansion ratio and more significant delamination event occurred a depth from
between 22mm to 28mm. The expansion ratios of the specimens were 1.84 and 2.0, respectively,
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these values indicate that energy losses due to the presence of high density ceramic inserts
played a substantial role in energy absorption behavior during extreme strain rate impact events.
Figure 53 illustrates the observed route of the projectile passing through the composite
material, and specifically describes behavior within the composite containing 5mm spherical
tungsten carbide inserts. The structure suffers substantial deformation after the projectile has
reached a depth of 15mm to 20mm. Prior to that depth, the material failure mode is primarily that
of lateral displacement and compressive tensile failure while past a depth of 20mmm, the
composite experiences severe delamination. Each of these failure modes is examined and
discussed below with specific attention given to the delamination behavior and the resultant
shockwaves experienced by the high density tungsten carbide inserts. Specific focus is given to
the construction of a mathematical model that describes the behavior of the specimen containing
5mm spherical inserts due to the fact that one such sample completely halted the progression of
the steel-tipped projectile, and due to the fact that two near-identical specimens were subjected to
impact testing.
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Figure 53: General analysis of energy distribution into material structure over the course of an impact.
The sheathing event where the sheath is removed occurring within the first 10mm of the composite. The
direct contact with a shattered WC insert, delamination behavior, deformation, and direct shattering of
the steel penetrator.

6.2.1. Energy Absorption via Ceramic Failure
Direct impingement on the tungsten carbide inserts is a primary mode of material energy
absorption. As the projectile creates a path through the composite, a number of the high density
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ceramic inserts will in the projectile path. At least 1 insert will be in the direct path of the
projectile due to the composite design. The number of ceramic inserts impacted directly by the
projectile was counted after impact by disassembly of the specimen. The number of ceramic
insets impacted and the amount of damage suffered by the inserts can then be used to calculate
the total energy loss through a simple summation.
The total quantity of energy absorbed by direct impact of the projectile through the
ceramic inserts can be calculated by determining the amount of energy required to pulverize that
quantity of ceramic material. Naik (2012) mathematically describes the best method for making
this determination. A volume metric integral over the region of direct pulverization, and based on
the total strain the material structure is subjected to is defined in Equation 17. The variables of
which can be found in The variable values are defined in Appendix B.
𝒁𝒄𝒍

𝜺=𝜺𝒄𝒛𝒄

𝑬𝒄 = ∫ ∫
𝑺

𝜺=𝟎

𝝈𝒄𝒛𝒄 𝜺𝒄𝒛𝒄 𝒅𝜺𝑨𝒄𝒄𝒊 𝒅𝒁

( 17)

Equation 17 can be further simplified as in the case of the tungsten carbide inserts. The
contingent pulverization will be constrained by the total volume of each insert. Therefore, it is
possible to reduce the area and depth described in the tungsten carbide insert to a single integral
over the total volume of the tungsten carbide insert as the projectile passes completely through
the insert and the percentage volume of the insert is pulverized by direct contact with the
projectile. The modified form is presented as Equation 18, which describes the total energy
absorbed directly in the impact between a single tungsten carbide insert and the projectile.
𝜺=𝜺𝒄𝒛𝒄

𝑽=𝑽𝒐

𝑬𝒄 = ∫
𝑽=𝟎

∫

𝝈𝒄𝒛𝒄 𝜺𝒄𝒛𝒄 𝒅𝜺 𝒅𝑽

( 18)

𝜺=𝟎
𝑉=𝑉

In Equation 18, the value described as the volume integral, ∫𝑉=0 𝑜 𝑑𝑉 , is equal to the total
volume of the spherical or cubic ceramic insert, allowing the equation to be condensed to a
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simple volume measurement of the insert multiplied by the integrated strain, and failure stress of
the tungsten carbide insert. That value is then multiplied by the number of tungsten inserts found
in the specimen subjected to pulverization by the incident projectile. The fracture toughness of
𝜀=𝜀 𝑐

𝑐 𝑐
tungsten carbide subject to impact is equal to the value described by ∫𝜀=0 𝑧𝑐 𝜎𝑧𝑐
𝜀𝑧𝑐 𝑑𝜀 and can be

taken as a conservative value based on tested fracture toughness as given by relevant literature, at
𝐽

14.3 ∗ 109 𝑚3 , 77. The quantity of tungsten carbide directly impact is calculated based on the
quantity of tungsten carbide material recovered from the specimens after testing. Tungsten
carbide predominantly shattered when subjected to impact and was distributed throughout the
polyethylene semi crystal. The mass of the shattered tungsten carbide recovered is then used to
calculated the overall energy lost by the projectile due to direct impact against the tungsten
carbide inserts.
The total mass recovered from each specimen, and corresponding energy loss values for
the five specimens, are given by Table VI. The relative pulverized tungsten carbide provides
grounds to perform a simple energy calculation based on the material toughness as described by
Equation 18. Recovered materials in the specimens were accurate to an absolute error of one
eighth of a 2.5mm tungsten carbide insert, or twice that in the case of the 5mm tungsten carbide
insert, resulting in the error in energy lost due to pulverization of the hard-metal/ceramic being
30J in the case of the 5mm spherical tungsten carbide insert, and 15J in the case of the 2.5mm
spherical tungsten carbide insert, 56J in the case of the 5mm cubic tungsten carbide insert, and
28J in the case of the 2.5mm cubic tungsten carbide insert.
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Table VI: energy loss in each specimen due to direct impact of the projectile against the tungsten carbide
inserts
Calibration
5mm cubic
2.5mm spherical
5mm Spherical
2.5mm Cubic
Specimen
(5mm
inserts
inserts
Inserts
Inserts
spherical)
Recovered WC
mass (g)
Energy Loss (J)

0.648 ± 0.239

0.0 ± .016

0.923 ± 0.239

0.284 ± 0.030

1.444 ± 0.239

840 ± 56

0 ± 15

885 ± 30

354 ± 28

1193 ± 30

No value is calculated for the pure UHMWPE specimen or the commercial product
specimen as there were no WC inserts contained in those structures. The calculation was
conducted by multiplying the volume of tungsten carbide recovered, determined by the relative
mass of recovered tungsten carbide, by the impact toughness of tungsten carbide.
6.2.2. Energy Losses Via to Tensile Failure
The energy lost via mode I tensile failure can be calculated with relative ease by
determining the strain toughness of the UHMWPE fiber and multiplying that by the total volume
of material that experienced tensile failure. Direct tensile failure occurs when the velocity of the
projectile is sufficiently high that the material undergoes failure due to high heat, and extreme
strain rate resulting in the failure of individual fibers. The velocity of the projectile and/or
accelerated tungsten carbide is sufficient to tear the individual UHMWPE fibers and cause both
lateral displacement and compressive tensile failure as described by O’Masta (2015). The result
is a narrow puncture through the laminate layers until the projectile velocity has dropped
sufficiently to begin delamination. Delamination appears to occur when the velocity of the
projectile approaches the transverse weave velocity in the material (specifically in the pure
UHMWPE, not the averaged delamination velocity taken across the composite containing
tungsten carbide inserts).
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Figure 54: Calculated volume of damage based on measured impact radii and observed projectile path
through composite.

The structure of the UHMWPE, as arranged in laminated material layers provides a
relatively simple method of calculation to determine the quantity of energy absorbed by the
material in strain failure. Calculating the energy expended via strain failure can be performed
utilizing values derived in previous literature 78. Based on data utilized derived by H. van der
Werff(2016) with a failure strain of 2.8%, the total average toughness is calculated to be
𝑀𝐽

48.19 𝑚3 . The value is multiplied by the fraction of fibrous mass actually present within the
𝑔

composite. based on the measured material density(0.89𝑐𝑚3 ) divided by the maximum possible
𝑔

material density, 0.89 𝑐𝑚3. The resultant total toughness of the material based on the
𝑀𝐽

mathematically defined value is 43.77 𝑚3 .
The physical volume of UHMWPE fibers subjected to tensile failure by the incident
projectile consists of a series of cones based on the diameter of the projectile, and on the incident
radius of damage described in Section 6.4. Figure 54 shows the measurements utilized to
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determine the volume of damage based on the observed path of the projectile(s) and radii where
damage took place. The depth of penetration in all cases save the calibration specimen (5mm
spherical) was equal to the total penetration of the polyethylene composite at 30mm. In
specimens that contained tungsten carbide inserts, the total volume of UHMWPE failure is
reduced by the volume of 1 tungsten carbide insert in the case of 5mm inserts or by the volume
of 4 tungsten carbide inserts in the case of 2.5mm tungsten carbide inserts to account for the
volume within the region taken by WC rather than UHMWPE. A number of specimens suffered
side-ejection from the composites during testing, those are calculated via the volume described in
Figure 55 to a total depth equal to the depth of the side-ejection of the projectile.
The energy loss for each tested specimen was performed in accordance with Equation 18
where the summed toughness is described volumetrically based on the materials toughness in
tensile failure. The energy absorption values are described in Table VII. The error value is equal
to 2% of the total volume and was calculated from the 0.1mm error value divided by the
measured diameter of the projectile.
Table VII: Volume and energy absorption of damaged UHMWPE subjected to tensile failure.
Specimen
Damaged Volume (𝑚𝑚3 )
Energy Loss (J)

Specimen
Damaged Volume (𝑚𝑚3 )
Energy Loss (J)

5mm cubic

2.5mm Spherical

5mm Spherical

inserts†

inserts†

Inserts

877 ± 18

896 ± 18

2289 ± 46

38 ± 0.8

39 ± 0.8

100 ± 2.0

2.5mm Cubic

Calibration

Inserts

(5mm Spherical)

No WC Inserts

Commercial
Product

1897 ± 38

2315 ± 46

2376 ± 48

2537 ± 51

83 ± 1.7

101 ± 2.0

104 ± 2.1

111 ± 2.2

† indicates a specimen that suffered from a side-ejection.

The net energy loss due to tensile failure is generally in the region of 40 to 100 J with the
energy loss being directly tied to the diameter of the puncture in the composite. While the energy
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loss due to tensile failure is substantial, the extremely low failure strain at extreme strain rates
prevents the overall energy absorbed purely by tensile failure from being significant in the case
of high velocity projectiles. The quantity of energy absorbed through mechanisms such as
delamination and pulverization of the ceramic inserts is substantially higher than the energy
absorbed via UHMWPE tensile failure.
6.2.3. Energy Losses Via to Delamination
The energy lost due to delamination can be described mathematically utilizing details
from the literature, specifically described in Naik (2012). The energy lost due to delamination
can be determined by Equation 19. The area-reduction of damage in terms of energy loss is
described as the quasi-lemniscate reduction factor, 𝐴𝑞𝑙 . That factor is often given as 0.9 in the
case of a delaminating structure79 80 81. For the purposes of delamination, the constants have
already been determined in available literature, and known properties of the material
construction82 83.
𝟐

𝑬𝒍 = 𝒑𝒅 𝝅(𝑿𝒃𝒅 ) 𝑮𝑰𝑰𝑪 𝑨𝒒𝒍 (𝑵𝒐 − 𝟏)

( 19)

The quasi-lemniscate area is directly tied to the energy lost in delamination observed in
the material structure. The value of the quasi-lemniscate area is generally defined as 0.9 in the
pure UHMWPE, and that value is utilized in the analysis for the purposes of the incident impact
in each specimen.
The primary consideration is the delamination process after the projectile has approached
a critical velocity threshold at which delamination begins. The threshold is roughly 200m/s to
300m/s, where the transverse wave begins to precede the projectile. Above the critical velocity,
the material experiences lateral displacement and compressive tensile failure. After the projectile
falls to the critical velocity material, failure takes the form of delamination. In specimens
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containing 2.5mm tungsten carbide and of pure UHMWPE far less delamination was observed
where inserts did not extend into the lower half of the material. The additional energy loss is
defined partially by the additional delamination, as described by the increased expansion ratio,
and by the presence of localized stress fields within the material as described in Section 6.2.4 of
this dissertation. The combination resulting in substantially more energy absorption via the
acceleration of material in the transverse wave at the depth where substantial delamination
began.
The delamination percentage is based on the observed expansion ratio. The delamination
took place almost exclusively in the lower 50% of the material, and generally extended from that
point to the base of the material structure, the delamination percentage is defined as a fraction of
the total expansion ratio of the composite given by Equation 20. The average delamination
𝑙
occurs (𝑑𝑎𝑣𝑔
) in the region between 15mm and 30m and is defined as 10% of the 324 complete

structural layers of UHMWPE (648 layers of 90-degree material). The radius was defined as
twice the impact radius for the purposes of immediate delamination in the impact event at a
depth of 20mm. The net strain energy release rate of delamination being equal to 4458

𝐽
𝑚2

as

described in H. Zhou (2020).
𝒁𝒆𝒙
𝒑𝒅 = 𝒅𝒍𝒂𝒗𝒈 ( ) ∗ 𝟎. 𝟓
𝒁𝒐

( 20)

The energy lost due to delamination failure can then be calculated for each of the
specimens within general percentages of the total delamination observed to have taken place.
Calculated results are listed in Table VIII. Delamination values are considered accurate to 32%
based on the observed variation in the number of layers that delaminated in each specimen.
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Table VIII: Calculated energy losses due to delamination in the composite
Specimen

2.5mm Spherical
Inserts

Energy Loss (J)

Specimen
Energy Loss (J)

29 ± 9

Calibration
(5mm Spherical)
83 ± 27

5mm Spherical Inserts

2.5mm Cubic Inserts

73 ± 23

5mm Cubic Inserts

41 ± 13

No WC Inserts

25 ± 8

33 ± 11

Commercial Product
44 ± 14

6.2.4. Energy Losses Due to Stress Field Structure
A nuanced approach to the mathematics requires a detailed examination of the material
structure and the interaction of that structure with the high velocity projectile, and the proposal of
an idealized mathematical model that accurately reflects observed results. The structure of the
material under extreme strain rates behaves in a manner dependent upon the variable material
density. An independent mathematical model can be created based on the variable material
density, tensile strength, and other known properties.
At a critical velocity, lateral displacement and compressive tensile failure modes
transition to a delamination failure mode. As the projectile approaches the velocity of the
transverse wave in pure UHMWPE, delamination becomes the predominant method of energy
absorption within the system, and tensile failure drops off very quickly. The amount of energy
absorbed in this second failure mode is affected by the presence of the high density ceramic
inserts. The high density ceramic inserts create inertial resistance to the progression of the
transverse shockwave and to the sudden pressure wave experienced during the impact event
The stress fields that develop in the presence of the high density inserts exhibit variation
in contained energy based on the kinetic energy that must be transmitted to the high density
inserts to accelerate them in the presence of the transverse wave causing delamination.
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Determination of the quantity of kinetic energy converted to localized energy in the stress fields
is enabled by performing a three dimensional spherical integral over the volume of material
affected by the transverse wave in the delamination process to achieve a weighted volume based
on proximity to the impact point. A weighted Gaussian distribution is preferred over a simple
parabolic distribution due to the fact that the following shockwave is not based on the speed of
sound in the medium and is, therefore, not subject to a simple intensity based on the inverse
square of the radius. Additionally, thermal energy is often distributed along a Gaussian
distribution within a material 84 . The primary distinction being the orientation of particle
movement in the sense of kinetic energy vs thermal energy when the transverse wave in the pure
UHMWPE is damped by the presence of the high density ceramic inserts. Equations 21 to 25
describe the fractional mass as affected by the transverse wave following impact, and Equation
26 describes the quantity of energy absorbed in the acceleration of high density inserts.
Descriptions of the variables used in the equation descriptions are located in Appendix B Figure
55 illustrates the region integrated to determine the energy absorption contribution of the
tungsten carbide inserts during the delamination process.

𝒓=𝟑𝟎𝒎𝒎

𝑽𝒘𝒈𝒕 = ∭

𝟏 𝟐

𝒓𝟐 𝒆−𝟖𝟎𝒓 𝒔𝒊𝒏 𝜽𝒅𝒓𝒅𝜽𝒅𝝋

( 21)

𝒓=𝟎

𝒓=𝟑𝟎𝒎𝒎

𝑽𝒘𝒈𝒕 = 𝟒𝝅 ∫

𝟏 𝟐

𝒓𝟐 𝒆−𝟖𝟎𝒓 𝒅𝒓

( 22)

𝒓=𝒓𝒑

𝑽𝒘𝒈𝒕 ∗ (𝝆𝒐 ) = 𝒎𝒐

( 23)
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Equations 21, 22, and 23 describe the spherical Gaussian solution to a radius of 30mm
𝟏

from the impact point (the edge of the tested specimen). A fractional value of 𝟖𝟎 was selected to
conform with observed results, and due to the fact that delamination is seen within the composite
to its edge at a radius of 30 mm from the impact path in physical testing, substantial delamination
outside of 20mm radius is seen only in a small fraction of 347 complete polymer layers. At the
point of maximum effect, delamination occurs to the edge of the composite specimen, reflected
by the chosen fractional value. Physical testing is required to isolate the value of the exponent
fraction for a given material based on the extent of damage observed when subjected to high
velocity impact. The Gaussian-weighted volume integral may then be multiplied by the average
density to determine the relative effect of the local region has when accelerated due to the
applied shockwave.

Figure 55: A 2 dimensional representation of the weighted 3 dimensional volume calculated as a function of
the Gaussian distribution described by Equation 22.
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𝒎𝒘𝒄 = 𝒇𝒓 ∗ 𝝆𝒘𝒄𝒂 ∗ 𝑽𝒘𝒄

( 24)

The value described by 𝑓𝑟 in Equation 24 describes the multiplied fraction, as defined by
the Gaussian distribution at a given radius by the Gaussian described in Equation 21 and
Equation 22. That fraction is multiplied by the mass of each tungsten carbide insert at a given
radius. The described value is the effective mass of the tungsten carbide insert accelerated by the
transverse shockwave thereby absorbing kinetic energy in localized stress fields surrounding the
insert. The value of 𝑚𝑤𝑐 then represents the fraction of mass directly affecting the projectile
deceleration at a given radius from the point of delamination through energy absorption.

𝑴𝒂𝒄𝒄 = 𝒎𝑷𝑬 + [∑ 𝒎𝒘𝒄𝟏 + 𝒎𝒘𝒄𝟐 + ⋯]

𝑬𝒔𝒕𝒓𝒆𝒔𝒔 =

𝟏
𝑴 𝒗𝟐
𝟐 𝒂𝒄𝒄 𝒕

( 25)

( 26)

The accelerated mass, 𝑀𝑎𝑐𝑐 , describes the sum of the mass fractions that absorb kinetic
energy from the projectile by localizing stress fields surrounding the initial point of
delamination. Being non-time-dependent allows a general energy calculation through the entire
material during the impact event, relying instead on the velocity of the transverse shockwave
within the material as the accelerating force. The energy contained in the localized stress fields
shrinks over distance, resulting in an apparent loss of velocity in the transverse shockwave. The
velocity is defined, then, as the velocity of the shockwave in a pure UHMWPE structure, the
reduction with distance defined instead by the Gaussian approximation of the affected mass
distribution.
Utilizing a three dimensional analysis of the system centered at the point where the
delamination behavior begins to take precedence at a depth of 15mm within the composite, a
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series of calculations were performed to describe the quantity of material that must be
accelerated to the transverse wave velocity as the transverse shockwave passes through the
material. The equivalent fraction of mass accelerated to the transverse wave velocity is described
by the Gaussian distribution within the structure. The further the mass is from the point of
delamination behavior, the less significant an effect it will have on the projectile.
The equivalent value of the mass of the UHMWPE accelerated was calculated to be to be
𝑚𝑜 = 3.78𝑔 of UHMWPE, based on the density described in Section 6.2.2. The mass of the
tungsten carbide inserts is calculated based on the variable radius, defined by an 𝑚𝑤𝑐1 , 𝑚𝑤𝑐2 ,
and 𝑚𝑤𝑐3 . Outside of a radius greater than 19mm from the point of delamination, the fractional
sum of the tungsten carbide inserts within the material quickly drops in toward 0 terms of the
energy absorbed. The energy absorbed is calculated as the simple kinetic energy that must be
transmitted to the tungsten carbide inserts by the transverse shockwave in the composite.
It was calculated that the pure UHMWPE absorbs a total quantity of energy equal to
between 45J and 126J. The structure containing 5mm tungsten carbide spherical inserts absorbs
between 106J and 298J of energy due to the structural stresses surrounding the tungsten carbide
inserts. The structure containing 5mm tungsten carbide cubic inserts absorbs between 105J and
296J of energy. The difference displayed between specimens is up to factor of 2.5. The results
are calculated based on observations of the physical testing transverse wave velocity and
delamination behavior. The composite structures containing 2.5mm cubic and spherical inserts
do not functionally absorb substantial additional energy when compared to pure UHMWPE, as
there are not tungsten carbide inserts placed below a depth of 12.5mm, and as the delamination
behavior occurs substantially below a distance of 20mm, if at all.
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The calculated energy absorption behavior is centered at the depth where delamination
begins at 15mm to 20mm in composites containing 2.5mm WC inserts. The upper and lower
bounds are calculated based on the error values displayed in Figure 47 for the value of the
observed velocity of the transverse wave in pure UHMWPE. The results based on the calculated
transverse wave velocity in pure UHMWPE in section 6.1 may also be seen in Table IX.
Specimens with 2.5mm inserts experienced limited delamination at depths of 25mm to
28mm thus, the weighted mass of the inserts in the Gaussian weighted distribution was close to 0
Joules, results near identical to pure UHMWPE specimen. The variance of 9.26% in velocity
observed in Table V for pure UHMWPE was used to produce an error value propagated through
of the square of velocity in kinetic energy. That error is shown in Table IX for the calculated
kinetic energy.

Table IX: Calculated Stress Field Energy Content During Impact
Specimen
Maximum energy based on
observed wave velocity (J)
Average energy based on
observed wave velocity (J)
Minimum energy based on
observed wave velocity (J)
Energy based on calculated wave
velocity with propagated error (J)

5mm cubic

5mm Spherical

inserts

Inserts

298

296

127

127

190

189

81

81

106

105

45

45

229 ± 43

227 ± 43

97 ± 43

97 ± 43

UHMWPE

Specimens with
2.5mm inserts

It is observed that embedding tungsten carbide inserts more deeply in the material
substantially increases the overall energy absorbance of the composite. The additional energy
absorption capacity relies on reducing the projectiles’ velocity to the point that delamination
became predominant at a depth below 15mm inside the composite. In a number of specimen
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tests, little delamination occurred or the projectile ejected from the side of the composite rather
than passing completely through the structure. The energy absorption via stress field is therefore
limited by the initial projectile velocity and the capacity of the projectile to be slowed
sufficiently by the initial material layers.

6.3.

Energy Balance

Based on the mathematical exercises described in Section 6.2, a complete energy balance
was performed to determine the remaining energy in the projectile that was not directly absorbed
by the composite specimens. An analysis of the energy absorbed by the composite may be
compared to the projectile energy as averaged by chronometer measurements. The result may
then be used to determine the accuracy of the individual mathematical models as well as provide
a new method for developing future composite designs using embedded high density inserts
distributed within a polymer matrix.
In Table X the sum of each failure mode is presented, along the absorbed energy and the
averaged projectile velocity. The values are rounded to the nearest Joule, and the energy
absorbed via transverse stress fields is calculated in Section 6.2.4. Stress field velocity is based
on the calculated velocity of the transverse shockwave in pure UHMWPE being the velocity
value of the transferred kinetic energy. The reduced velocity of the shockwave is a product of the
observed scattering behavior in the composite, so only the velocity of the shockwave velocity in
pure UHMWPE is considered for energy-transfer values. Error from each section is propagated
via standard sum-of-squares 85. The results of the energy balance indicate substantially reduced
energy in the projectile in most instances. The results are congruent with observed results in the
physical testing of the specimens. It is also evident that the composites that experienced direct
impingement upon the tungsten carbide inserts expressed substantially increased overall energy
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absorption. In particular, the volume of tungsten carbide pulverized in the impact between the
projectile and the tungsten carbide inserts in the specimen containing 5mm spherical inserts and
the calibration specimen absorbed an estimated energy of 885J and 1193J respectively.
While the analysis of the energy absorbed via ceramic failure is impressive, it is
important also to observe the material delamination behavior and the calculated effects of the
internal stress fields. The stress fields developed only after a substantial portion of the kinetic
energy of projectile was absorbed via destruction of the ceramic inserts. The initial reduction in
projectile kinetic energy reduced the velocity of the resulting deformed particulates. The initial
tungsten carbide inserts acted as a hard strike-face during the impact, slowing the projectiles’
progress through the material and distributing the kinetic energy into a larger surface area.
After the destruction of the tungsten carbide inserts, the primary mode of kinetic energy
loss occurred through tensile failure over an expanded surface area and impingement upon
additional tungsten carbide inserts within the composite. The stress fields then served to strainharden the material as the projectile and accelerated tungsten carbide continued to decelerate to
the point that the failure mode of the material changed from that of lateral displacement and
compressive tensile failure to delamination failure.
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Table X: Sum of Energy Loss Mechanisms as Compared to Averaged Projectile Energy
Specimen

2.5mm spherical

5mm Spherical

2.5mm Cubic

inserts

Inserts

Inserts

Ceramic Failure (J)

0 ± 15

885 ± 30

354 ± 15

Tensile Failure (J)

39 ± 1

100 ± 2

83 ± 2

Delamination (J)

29 ± 9

73 ± 23

41 ± 13

97 ± 57

243 ± 43

97 ± 43

145 ± 60

1301 ± 57

575 ± 47

1637 ± 16

1637 ± 16

1637 ± 16

1492±62

336±59

1062±50

Transverse Stress
Fields (J)
Total Energy
absorbed (J)
Projectile Energy (J)
Remainder (J)

Specimen

Calibration

5mm Cubic Inserts

No WC Inserts

Commercial Product

(5mm spherical)

1193 ± 30

840 ± 56

-

-

Tensile Failure (J)

101 ± 2

38 ± 1

104 ± 2

111 ± 2

Delamination (J)

83 ± 27

25 ± 8

33 ± 11

44 ± 14

229 ± 43

299 ± 43

97 ± 43

97 ± 43

1604 ± 59

1162 ± 71

197 ± 44

215 ± 45

1637 ± 16

1637 ± 16

1637 ± 16

1637 ± 16

33±61

475±73

1440±47

1422±48

Ceramic Failure (J)

Transverse stress
fields (J)
Total Energy
absorbed (J)
Projectile Energy (J)
Estimated
Remainder (J)

The quantity of energy in the system that was not converted by one of the observed
mechanisms remained as kinetic energy either in the projectile or transferred to the composite
target. In all primary specimens, the quantity of kinetic energy remaining in the system after the
impact event exceeded several hundred joules and thus the projectile punctured the composite
entirely. In the calibration specimen containing 5mm spherical tungsten carbide inserts, the
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quantity of energy remaining in the system was extremely low, within 30 Joules of the calculated
dispersed energy, resulting in kinetic energy transfer to the calibration specimen.
The kinetic energy transfer to the calibration specimen ejected the specimen backwards
from the test-stand at a substantial velocity after impact. The calculated energy remaining in the
combined system of the calibration sample and the projectile combined is between 0 Joules and
94 Joules if the maximum error value is considered. The mass of the combined projectile and
specimen were equal to 117.5g. The maximum velocity of the ejected specimen is calculated to
𝑚

be in the range of 40 , which is congruent with qualitative observations during testing.
𝑠

The stress fields considered within the material structure are a phenomena unique to the
design of the UHMWPE composite structures. In general, the quantity of energy absorbed by
lateral s-waves within a fibrous polymer material are sufficiently diminutive as to be considered
tertiary to the primary failure modes; tensile failure, lateral displacement, and delamination.
Often when a polymer is placed within an otherwise hard plate, the lateral s-waves are further
contained as they transmit energy to the exterior sides of the plate through wave-reflection within
the structure. In the case of a material with distributed inertial hard-points, the energy absorbed
by the lateral structural waves substantially increases in their role as energy absorption
mechanisms.
The model discussed in Section 6.2.4 provides and demonstrates a mathematical
approach to the system behavior observed in the computational system and in the results of
physical testing. Behavior observed in a clean computational analysis was imperfectly replicated
in physical testing. Real-world imperfections often lead to inconsistent results, and difficult
testing conditions. With that in mind, the proposed mathematical model for the energy absorbed
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by transverse stress field expression conforms to the estimated energy absorbed in the
computational model.
According to the computational model described in Section 3, upwards of 60% of the
available energy was absorbed by the direct impact of the projectile into the tungsten carbide
inserts. The resultant energy consumed by other mechanisms is in the range of 400 Joules. The
results of the physical testing are congruent to those in the case of the specimen containing 5mm
spherical tungsten carbide inserts, the specimen containing 5mm cubic tungsten carbide inserts,
and the calibration specimen containing 5mm tungsten carbide inserts. In the case of the physical
specimens containing 2.5mm inserts, the computational model does not accurately reflect the
results of physical testing. Inaccuracy in the computational model likely originates from the
computational model failing to properly model lateral displacement failure of the UHMWPE
fibers. As a result, far more WC inserts are located directly in the path of the simulated projectile
in comparison to the physical testing where WC inserts are observed to be thrust aside by the
pointed steel penetrator of an M855A1 round.
Utilizing data from the physical testing and the computational model permitted the
production of a structurally sound deterministic mathematical model utilizing the known
properties of the material. The stress field model described in Section 6.2.4 may prove fruitful
for future researchers seeking to describe the effect of high density pinning structures. The
presence of the stress fields becomes dependent primarily on factors as described by Equation
27, Equation 28, and Equation 29. Where the net energy absorbed by the resultant stress fields,
as the projectile slows towards the velocity where delamination begins, is based on several
variables: the natural velocity of the transverse wave in the unobstructed material, the size and
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density of the high density inserts and their fractional distance from the point where delamination
begins, and the material constant denoted as K.
The constant K is the fractional volume metric utilized to produce the Gaussian
distribution that represents the fraction of material inside of which stress fields develop due to
the acceleration requisite for the transverse wave to progress. Based on results in Section 6, an
1

fractional volume metric of 80 was found to produce results congruent with observed material
behaviors.
𝟐

𝑬 ∝ ∭ 𝒆−𝑲𝒓 [𝒓𝟐 𝒔𝒊𝒏𝜽𝒅𝝓𝒅𝜽𝒅𝒓]

𝟐

( 27)

𝑬 ∝ ∑[𝒆−𝑲𝒓 ∗ 𝝆𝒘𝒄 ∗ 𝑽𝒘𝒄 ]

( 28)

𝑬 ∝ 𝒗𝟐𝒕

( 29)

In the case of other material designs, different metrics are likely to apply to different
varieties of materials. Future evaluation will be required to determine the accuracy of the
fractional volume metric in different materials and at different scales. The stress fields, too,
develop in accordance with the Gaussian volume metric described by Equation 28. The resultant
stress fields are dependent upon the volume, density, and radius of each high density insert at a
distance r from the point where delamination becomes the primary mode of energy absorption
within the material structure. The Gaussian volume metric describe energy within the material
with a methodology not entirely dissimilar to the flow of heat, as the mathematical representation
of the capacity for a material to store kinetic energy is appropriate in both cases separated only
by the regular orientation of particle velocity 86.
The appearance of stress fields also appears to depend on the high density WC inserts
being of substantially different material makeup from the UHMWPE in terms of density. Stress
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fields develop in response to the sudden appearance of a high velocity stress wave that passes
through the material, and requires a reduction in projectiles’ velocity. The reduction of the initial
projectile velocity to the point where delamination begins may be caused either by direct failure
of high density inserts or by some other means such as placing a strong ceramic layer as a strike
face in front of the polymer layer. It may be considered reasonable then to utilize a front-facing
ceramic, common in conventional body armor, while simultaneously taking advantage of the
stress field architecture that taking place within a polymer backing. The two and a half fold
increase in energy absorbed by the polymer backer during the impact event may form a basis for
engineering impact resistant materials at extreme strain rates.

6.4.

Model Equivalencies and Inconsistencies

The computational behavior allowed the placement of the projectile and tungsten carbide
inserts within the material such that the projectile was guaranteed to impact at least one insert,
potentially multiple inserts. Lateral displacement failure was not appropriately reflected in the
computational model when compared to the later physical tests that took place within the
material. While the computational model failed to accurately model some of the observed
physical behavior, it did lead to generally correct conclusions, including the energy-balance
results, and the apparent depth of penetration between the materials modeled in the ANSYS
system and the materials of the M855A1 projectile. In the computational model a total of 480
Joules of energy were unaccounted for in the projectile penetration, while in the mathematical
result, that range was more closely found to be in the range of 300 Joules of energy. In physical
testing the computational model also described increased penetration from high density soft
metal, which was observed in that the copper plug was seen to penetrate substantially deeper into
the composite structure(s) than the steel penetrating tip.
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The mathematical model developed in Section 6.2.4 to represent the stress fields appears
to accurately model the physical results of testing in various composite specimens, while
conflicting somewhat with the computational results discussed in Sections 3. The correlation of
the appearance of stress fields with the projectiles’ velocity falling below the velocity where
delamination began was not accurately described in the computational model and doing so in
three dimensions would require extremely fine meshing of the computational model to the point
that the simulation run time may become prohibitive. Additional studies with extremely finemesh computational designs may form a more accurate picture the material properties appearing
in the transverse shockwave.
Computational studies did not indicate that relative depth of the tungsten carbide inserts
in the composite would have a critical effect on their behavior in physical testing. However, it
was found that those specimens containing tungsten carbide inserts distributed from a depth of
2.5mm to a depth of 22.5mm expressed substantially more impact resistance than those
specimens where the tungsten carbide inserts were distributed exclusively into the uppermost
12.5mm of the composite. The discrepancy appears to stem primarily from the fact that the
modeled structure with additional tungsten carbide inserts in the upper 12.5mm of the composite
experienced substantially reduced lateral displacement failure when compared to physical tests.
The reduced lateral displacement resulted in additional energy absorbed by direct failure of the
modeled tungsten carbide inserts.
The proposed mathematical model defining density-scattering of the transverse
shockwave in the material indicates that the larger the plate is laterally, the more effective the
density-scattering behavior becomes. Global effects such as boundary pull-in may be more
significant in composites that are physically larger. The size of the plate therefore may effect the
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Gaussian metric used to mathematically weight the masses of the insert. The new mathematical
model is a significant step in the development of more effective impact-resistance materials as no
previous research has explored in such a way the behavior of composites so highly
inhomogeneous in terms of density.

6.5.

Composite Optimization

Using the equations described in section 6.2.4, it is reasonable to consider material
optimization. The equations, shown below, allow a number of conclusions to be drawn in terms
of the composite material behavior. The first is the critical role played by the Gaussian
weighting metric as shown in Equations 30 and 31. It is likely that varying materials have
different metrics. A smaller value than the observed 1/80 (such as 1/90) will significantly
increase the quantity of energy that can be absorbed through the presence of scattered stress
fields. A Gaussian metric even slightly altered will significantly impact the observed weighted
mass of the matrix medium and the high density inserts as shown in Equations 32 and 33.
The equations also indicate that the quantity of energy scales linearly with density, but
with the square of the velocity of the transverse wave in pure UHMWPE. The calculations
performed to define the stored energy rely on a classical examination of kinetic energy transfer
as seen in Equation 34. The velocity of the transverse wave in pure UHMWPE defines the
quantity of kinetic energy. While much of the kinetic energy instead scatters, it is the quantity of
kinetic energy that must be converted within the composite that defines the total energy
effectively absorbed as localized stress fields. It is therefore apparent that materials with higher
transverse wave velocities will force the conversion of more kinetic energy. It should therefore
be considered advantageous to consider high tensile strength materials that can quickly propagate
the transverse shockwave in the material. The square of the velocity of the transverse shockwave
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in the pure matrix material is proportional to the quantity of energy scattered in the form of
strain-hardening. If higher transverse wave velocities can be achieved, then lower-density inserts
will produce the same results.

𝒓=𝟑𝟎𝒎𝒎

𝑽𝒘𝒈𝒕 = ∭

𝟏 𝟐

𝒓𝟐 𝒆−𝟖𝟎𝒓 𝒔𝒊𝒏 𝜽𝒅𝒓𝒅𝜽𝒅𝝋

( 30)

𝒓=𝟎

𝒓=𝟑𝟎𝒎𝒎

𝑽𝒘𝒈𝒕 = 𝟒𝝅 ∫

𝟏 𝟐

𝒓𝟐 𝒆−𝟖𝟎𝒓 𝒅𝒓

( 31)

𝒓=𝒓𝒑

𝑽𝒘𝒈𝒕 ∗ (𝝆𝒐 ) = 𝒎𝒐

𝑴𝒂𝒄𝒄 = 𝒎𝑷𝑬 + [∑ 𝒎𝒘𝒄𝟏 + 𝒎𝒘𝒄𝟐 + ⋯]

𝑬𝒔𝒕𝒓𝒆𝒔𝒔 =

𝟏
𝑴 𝒗𝟐
𝟐 𝒂𝒄𝒄 𝒕

( 32)

( 33)

( 34)

It can also be seen that the mass of the tungsten carbide inserts play a significant role as
shown in Equations 33 and 32. The weighted volumetric mass of the tungsten carbide inserts
significantly impacts the scattering process. In this case, it can be observed that a concentration
of inserts immediately adjacent to the projectile during the beginning of the delamination phase
of the impact will increase the overall impact absorbance. The result is that too many inserts will
increase the average density of the composite beyond reasonable bounds, while too few inserts
will result in there being no significant stress-field scattering during the impact.
In terms of size, larger tungsten carbide inserts perform better only when subjected to
direct collision. Smaller tungsten carbide inserts generate more scattering and experiments with
smaller tungsten carbide inserts at the depth of delamination are therefore highly recommended.
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It is therefore reasonable to recommend a number of larger tungsten carbide inserts oriented
towards the impact face with only two layers of smaller tungsten carbide inserts distributed at a
depth of 20mm within the material. There is some optimization to be had in the size of the
inserts, with an ideal being a large number of inserts capable of scattering the shockwaves
without the inserts being so small or closely spaced that they effectively increase the density of
the polymer matrix. The sudden variation in density leads to the scattering phenomena.
Therefore optimization is likely to occur when the tungsten carbide inserts have a diameter in the
same range as the wavelength, or half-wavelength, of the scattered shockwave in the (pure)
UHMWPE: in the range of 3 to 7mm.
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7. Conclusions
It has been demonstrated that composite materials consisting of a sintered, fibrous,
UHMWPE semi-crystal utilizing internally distributed high density ceramic inserts exhibit
substantially improved overall impact resistance through additional failure modes when tested
against steel tipped projectiles at high velocities. The capacity of the calibration specimen to halt
an oncoming M855A1 EPR projectile indicates that, with further refinement, consistently halting
hard projectiles with the inclusion of ceramic inserts is well within the range of possibility.
Observed increases in expansion ratio also demonstrates a substantial increase in the overall
energy distribution within the composite during an impact. The average material density of
𝑔

UHMWPE is 0.97 𝑐𝑚3 while the sintered UHMWPE average density was determined to be
𝑔

0.89 𝑐𝑚3 . With the inclusion of the tungsten carbide inserts, the average density of the material
𝑔

𝑔

increased from 0.89 𝑐𝑚3 to 2.1 𝑐𝑚3 while increasing the quantity of energy absorbed in an impact
event by up to a factor of 8 accounting for both the ceramic fracture of the inserts and the density
scattering behaviors. The resultant material remains low enough density to be wearable by
personnel while significantly increasing in the quantity of energy kinetic energy it can absorb.
Several additional failure modes appear due to the inclusion of high density ceramics that
were mathematically defined in Section 6. The first is pulverization and compressive failure of
those high density ceramic inserts directly in the path of incident projectile. The second observed
failure mode occurs when stress fields are generated within the material by the following
transverse wave where the velocity of the projectile and fragments drops to the point that
delamination begins. As the velocity of the projectile and fragments drops to near the velocity of
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the transverse shockwave in the unobstructed UHMWPE, the high density inserts must be
regionally accelerated to match the shockwave radiating outwards.
The proposed mathematical model shown in section 6.2.4 describes additional failure
modes in unique composites of distributed hardpoints in a textile semicrystal. The results are a
complex weighted system that internally scatters the transvers shockwave. Based on the
observed behavior, the mathematical model makes several useful predictions. The effects of the
density scattering increases the calculated energy absorbed from the range of 90 Joules to the
range of 300 Joules, depending on the tested specimen. Those that experienced the most
significant increase in impact resistance experienced delamination failure at a depth of 20mm to
15mm within the composite. Once the projectiles velocity is near equal to the velocity of the
transverse wave within the material, the delamination failure mode becomes predominant, and
the energy absorbed through density scattering becomes the most significant form of energy
dispersion within the system. The mathematical model describes a number of key variables that
define the quantity of energy absorbed through scattering of the transverse shockwave: the
velocity of the shockwave in unobstructed UHMWPE, the density of the inserts, and the
Gaussian metric describing the weighted volume where the scattering takes place. Using those
values, it is possible to experiment with optimization of the composite when subjected to high
velocity impact.
The capacity to halt or retard the progress of a hard-tipped projectiles such as the tested
M855A1 Enhanced Performance Round with a predominantly polymer composite demonstrates
the excellence of such designs and need for additional research. A great deal has been learned
already in terms of shockwave scattering behavior and general impact resistance resulting in the
proposed novel mathematical model that defines the most critical observed variables. This
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research represents a significant step forward in terms of textile armors and backers as there is
presently no significant literature observing the behavior of shockwave scatting within an
UHMWPE lattice with distributed ceramic hardpoints. The discrete mathematical model is a
significant contribution to the field in terms of both the design of new composite properties and
description of previously unobserved physical behaviors. The proposed mathematical model of
shockwave scattering provides a roadmap for future composite designs and optimizations in the
field of impact energy absorption and distribution.
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8. Recommendations for Further Research
To completely understand the stress field and shockwave scattering behavior, a series of
tests should be performed to examine the composite under impact by projectiles in velocity
ranges where delamination is the primary failure mode. Specifically focusing on the exact critical
velocity and resultant shockwave wavelengths. That information is critical in optimization
studies observing variations based on the size of the high density inclusions and their spacing.
A number of analysis that refine the weighted volume metric, K, will be critical in
refining the failure mode proposed in Section 6.2.4. Further refinement of the model will allow
design demarcations for particular high impact composites. Additionally, the refinement of the
mathematical model will allow researchers to check the behavior of computational simulations
against behavior predicted by the mathematical model to ensure the relative accuracy of
simulations.
Another recommendation is tests where a more conventional ceramic strike face is used
to absorb between 900 Joules and 1100 Joules of energy from the projectile on initial contact. In
Section 6 that range was mathematically shown to be the amount of energy absorbed by ceramic
failure of the tungsten carbide inserts in the calibration specimen. By removing that quantity of
energy during initial contact, it will be possible to expedite the delamination failure mode and
shockwave scattering within the composite allowing it to be less physically bulky. It is
recommended to use a more conventional strike face for experimentation as they will more
accurately simulate what is easily industrially produced: Alumina being a particularly common
candidate for related studies.
Additional computational simulations may be performed to further analyze behavior as
well. It is apparent that the computational model requires adjustment to better represent failure
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modes that are difficult to calculate with mesh scale limitations. In the current iteration of the
computational model, the mesh is scaled in the range of 0.5mm to 1.5mm. To accurately
simulate the fibrous literal displacement failure mode, the mesh size must be reduced to a
maximum size equal to the diameter of the individual fibers: 12 to 21 microns. Doing so would
increase the simulation complexity by a power of 248 to 251, which is unreasonable for nearly any
computational system. Alternatively it may be possible to model larger fibers, increasing their
diameter to 100 to 150 microns while retaining computational accuracy which would still require
computational resources equal to 224 times greater than those used in the computational study.
The computational resources required by a model containing 100 to 150 micron fibers are more
reasonable as they are matched by some of the fastest available supercomputers of 2020 that
operate in the range of 7 petaflops.
An alternative method for performing more accurate computational studies would
redefine the modeled layers of UHMWPE to have a lower net tensile strength to better represent
the displacement failure mode. It would also need to be adjusted to behave less like a single
orthotropic material and more like a gel where sudden compression in one region causes lateral
displacement in adjacent regions. The projectiles mesh would need to be reduced in size to more
accurately model the sharpened tip without causing computational errors due to mathematical
singularities in a point. Constructing a computational model that will better match the physical
observations should take a high priority for future research while being aware that physical
testing is still needed to confirm accuracy in the computational results.
Improved results and optimizations will provide useful detailed information on the
function of stress field shockwave scattering during an impact event. The appearance of stress
fields should be evaluated from a number of perspectives including that of a thinner composite
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struck by a lower velocity projectile. A model that accurately supports lateral displacement
failure and projectiles modeled with sharply pointed tips will prove invaluable to the further
development of sintered polymer fabric designs and the maximization of their capacity to absorb
energy. Simple predictions can be made with the mathematical model proposed in Section 6,
however the discrete mathematical model of shockwave scattering still requires refinement.
Future research should consider refining the mathematical model to improve its predictive
capabilities.

120

References

1

United States, Congress, Justice Programs. “Ballistic Resistance of Body Armor NIJ Standard0101.06 .” Ballistic Resistance of Body Armor NIJ Standard-0101.06 , 2008. Office of
Law Enforcement Standards of the National Institute of Standards and Technology

2

Bayless, T. K., Downey, J., Lucon, P., & Coguill, S. (2020). Computational PolyetheyleneCeramic Composite Plate Design and Optimization. TMS 2020 149th Annual Meeting &
Exhibition Supplemental Proceedings The Minerals, Metals & Materials Series, 14891497. doi:10.1007/978-3-030-36296-6_138

3

M. Übeyli, R. Yıldırım and B. Ögel, "On the comparison of the ballistic performance of steel
and laminated composite armors", Materials & Design, vol. 28, no. 4, pp. 1257-1262,
2007. Doi: 10.1016/j.matdes.2005.12.005

4

Okun, Nathan F. “Face Hardened ARMOR.” Warship International, vol. 26, no. 3, 1989, pp. 262–
284. JSTOR, www.jstor.org/stable/44894662. Accessed 23 May 2021.

5

P. Hazell, Armour, Materials, Theory, and Design, 1st ed. Boca Raton, FL: CRC Press, 2016.

6

I. Crouch, "Body armour – New materials, new systems", Defence Technology, vol. 15, no. 3,
pp. 241-253, 2019. Available: 10.1016/j.dt.2019.02.002 [Accessed 23 May 2021].

7

T. Holmquist and G. Johnson, "Response of boron carbide subjected to high-velocity
impact", International Journal of Impact Engineering, vol. 35, no. 8, pp. 742-752, 2008.
Doi: 10.1016/j.ijimpeng.2007.08.003

8

M. O’Masta, B. Compton, E. Gamble, F. Zok, V. Deshpande and H. Wadley, "Ballistic impact
response of an UHMWPE fiber reinforced laminate encasing of an aluminum-alumina

121

hybrid panel", International Journal of Impact Engineering, vol. 86, pp. 131-144, 2015.
Available: 10.1016/j.ijimpeng.2015.08.003
9

J. Venkatesan, M. Iqbal and V. Madhu, "Ballistic Performance of Bilayer Alumina/Aluminium
and Silicon Carbide/Aluminium Armours", Procedia Engineering, vol. 173, pp. 671-678,
2017. doi: 10.1016/j.proeng.2016.12.141

10

I. Horsfall, M. Edwards and M. Hallas, "Ballistic and physical properties of highly fractured
alumina", Advances in Applied Ceramics, vol. 109, no. 8, pp. 498-503, 2010. doi:
10.1179/174367610x12804792635341

11

Ian G. Crouch (ed), The Science of Armour Materials. Cambridge, MA: Elsevier Science,
2017.

12

M. Grujicic, W. Bell, L. Thompson, K. Koudela and B. Cheeseman, "Ballistic-protection
performance of carbon-nanotube-doped poly-vinyl-ester-epoxy matrix composite armor
reinforced with E-glass fiber mats", Materials Science and Engineering: A, vol. 479, no.
1-2, pp. 10-22, 2008. doi: 10.1016/j.msea.2007.06.013.

13

M. Grujicic, B. Pandurangan, D. Angstadt, K. Koudela and B. Cheeseman, "Ballisticperformance optimization of a hybrid carbon-nanotube/E-glass reinforced poly-vinylester-epoxy-matrix composite armor", Journal of Materials Science, vol. 42, no. 14, pp.
5347-5359, 2007. doi: 10.1007/s10853-006-0959-x.

14

Baniasadi, Mahmoud, et al. “High-Performance Coils and Yarns of Polymeric Piezoelectric
Nanofibers.” ACS Applied Materials & Interfaces, vol. 7, no. 9, 2015, pp. 5358–5366.,
doi:10.1021/am508812a.

15

Iijima, Sumio, and Toshinari Ichihashi. “Single-Shell Carbon Nanotubes of 1-Nm
Diameter.” Nature, vol. 363, no. 6430, 1993, pp. 603–605., doi:10.1038/363603a0

122

16

Jain, Vipin, et al. “Effect of Rubber Encapsulation on the Comparative Mechanical Behaviour
of Ceramic Honeycomb and Foam.” Materials Science and Engineering: A, vol. 347, no.
1-2, 2003, pp. 109–122., doi:10.1016/s0921-5093(02)00587-7.

17

Colombo, Paolo, et al. “Ceramic-Polymer Composites for Ballistic Protection.” Ceramic
Transactions Series Ceramic Armor and Armor Systems II, 2012, pp. 79–89.,
doi:10.1002/9781118408100.ch7

18

Colombo, P., et al. “Ceramic–Polymer Composites for Ballistic Protection.” Advances in
Applied Ceramics, vol. 105, no. 2, 2006, pp. 78–83., doi:10.1179/174367606x84440.

19

Colombo, P., Medvedovski, E., & Zordan, F. (2012). Ceramic-Polymer Composites for
Ballistic Protection. Ceramic Armor and Armor Systems II, 79-89.
doi:10.1002/9781118408100.ch7

20

P. Hazell, G. Kister, C. Stennett, P. Bourque and G. Cooper, "Normal and oblique penetration
of woven CFRP laminates by a high velocity steel sphere", Composites Part A: Applied
Science and Manufacturing, vol. 39, no. 5, pp. 866-874, 2008. doi:
10.1016/j.compositesa.2008.01.007

21

N. Naik, S. Kumar, D. Ratnaveer, M. Joshi and K. Akella, "An energy-based model for
ballistic impact analysis of ceramic-composite armors", International Journal of Damage
Mechanics, vol. 22, no. 2, pp. 145-187, 2012. doi: 10.1177/1056789511435346

22

K. Krishnan, S. Sockalingam, S. Bansal and S. Rajan, "Numerical simulation of ceramic
composite armor subjected to ballistic impact", Composites Part B: Engineering, vol. 41,
no. 8, pp. 583-593, 2010. doi: 10.1016/j.compositesb.2010.10.001

23

Chen, Advanced Fibrous Composite Materials for Ballistic Protection. Woodhead Publishing.

123

24

Recht, R. F., and T. W. Ipson. “Ballistic Perforation Dynamics.” Journal of Applied
Mechanics, vol. 30, no. 3, 1963, p. 384., doi:10.1115/1.3636566.

25

W. Zhu, G. Huang, S. Feng and W. Stronge, "Conical nosed projectile perforation of
polyethylene reinforced cross-ply laminates: Effect of fiber lateral
displacement", International Journal of Impact Engineering, vol. 118, pp. 39-49, 2018.
doi: 10.1016/j.ijimpeng.2018.04.005.

26

M. O’Masta, D. Crayton, V. Deshpande and H. Wadley, "Mechanisms of penetration in
polyethylene reinforced cross-ply laminates", International Journal of Impact
Engineering, vol. 86, pp. 249-264, 2015. doi 10.1016/j.ijimpeng.2015.08.012

27

B. Russell, K. Karthikeyan, V. Deshpande and N. Fleck, "The high strain rate response of
Ultra High Molecular-weight Polyethylene: From fibre to laminate", International
Journal of Impact Engineering, vol. 60, pp. 1-9, 2013. doi:
10.1016/j.ijimpeng.2013.03.010

28

L. Iannucci and D. Pope, "High velocity impact and armour design", Express Polymer Letters,
vol. 5, no. 3, pp. 262-272, 2011. doi: 10.3144/expresspolymlett.2011.26

29 O. Nazarian and F. Zok, "Shear-dominated plastic behavior of a cross-ply Dyneema®
composite", Composites Part A: Applied Science and Manufacturing, vol. 67, pp. 316323, 2014. doi: 10.1016/j.compositesa.2014.09.012
30 Cunniff PM. Dimensionless parameters for optimization of textile-based body armor systems,
in: Reinecke WG (Ed.). Proceedings of the 18th International Symposium on Ballistics,
San Antonio, TX. Lancaster: Technomic; 1999, pp 1303-1310.

124

31 M. Yasuniwa, S. Tsubakihara and M. Yamaguchi, "Lamellar thickening of polyethylene
under high pressure", Journal of Polymer Science Part B: Polymer Physics, vol. 35, no. 4,
pp. 535-543, 1997
32 S. Yang, J. Lei, G. Zhong, J. Xu and Z. Li, "Role of lamellar thickening in thick lamellae
formation in isotactic polypropylene when crystallizing under flow and
pressure", Polymer, vol. 179, p. 121641, 2019. Doi:10.1016/j.polymer.2019.121641
33

C. Roland, D. Fragiadakis and R. Gamache, "Elastomer–steel laminate armor", Composite
Structures, vol. 92, no. 5, pp. 1059-1064, 2010. doi: 10.1016/j.compstruct.2009.09.057

34

Crouch, "Body armour – New materials, new systems", Defence Technology, vol. 15, no. 3,
pp. 241-253, 2019. doi: 10.1016/j.dt.2019.02.002

35

Marx, Jacob, et al. “Ballistic Performance of Composite Metal Foam against Large Caliber
Threats.” Composite Structures, 2019, p. 111032.,
doi:10.1016/j.compstruct.2019.111032.

36

Medvedovski, E. “Lightweight Ceramic Composite Armour System.” Advances in Applied
Ceramics, vol. 105, no. 5, 18 July 2013, pp. 241–245., doi:10.1179/174367606x113537.

37

Navarro, C., et al. “Some Observations on the Normal Impact on Ceramic Faced Armours
Backed by Composite Plates.” International Journal of Impact Engineering, vol. 13, no.
1, 1993, pp. 145–156., doi:10.1016/0734-743x(93)90113-l.

38

Guo, X., et al. “Simulation of Ballistic Performance of a Two-Layered Structure of
Nanostructured Metal and Ceramic.” Composite Structures, vol. 157, 2016, pp. 163–173.,
doi:10.1016/j.compstruct.2016.08.025.

40

Medvedovski, E. “Lightweight Ceramic Composite Armour System.” Advances in Applied
Ceramics, vol. 105, no. 5, 18 July 2013, pp. 241–245., doi:10.1179/174367606x113537.

125

41

Navarro, C., et al. “Some Observations on the Normal Impact on Ceramic Faced Armours
Backed by Composite Plates.” International Journal of Impact Engineering, vol. 13, no.
1, 1993, pp. 145–156., doi:10.1016/0734-743x(93)90113-l.

42

Kurtz, S. “Advances in the processing, sterilization, and cross-linking of ultra-High molecular
weight polyethylene for total joint arthroplasty.” Biomaterials, vol. 20, no. 18, 1999, pp.
1659–1688., doi:10.1016/s0142-9612(99)00053-8

43

Sobieraj, M.c., and C.m. Rimnac. “Ultra high molecular weight polyethylene: Mechanics,
morphology, and clinical behavior.” Journal of the Mechanical Behavior of Biomedical
Materials, vol. 2, no. 5, 2009, pp. 433–443., doi:10.1016/j.jmbbm.2008.12.006.

44

Armor UP L.P. dba. (n.d.). Retrieved from http://bulletproofme.com/RP-Polyethylene.html

45

Jain, Vipin, et al. “Effect of Rubber Encapsulation on the Comparative Mechanical Behaviour
of Ceramic Honeycomb and Foam.” Materials Science and Engineering: A, vol. 347, no.
1-2, 2003, pp. 109–122., doi:10.1016/s0921-5093(02)00587-7.

46

Colombo, P., Medvedovski, E., & Zordan, F. (2012). Ceramic-Polymer Composites for
Ballistic Protection. Ceramic Armor and Armor Systems II, 79-89.
doi:10.1002/9781118408100.ch7

47

Colombo, Paolo, et al. “Ceramic-Polymer Composites for Ballistic Protection.” Ceramic
Transactions Series Ceramic Armor and Armor Systems II, 2012, pp. 79–89.,
doi:10.1002/9781118408100.ch7

48

Colombo, P., et al. “Ceramic–Polymer Composites for Ballistic Protection.” Advances in
Applied Ceramics, vol. 105, no. 2, 2006, pp. 78–83., doi:10.1179/174367606x84440.

49

Zhu, W., Huang, G., Feng, S., & Stronge, W. (2018). Conical nosed projectile perforation of
polyethylene reinforced cross-ply laminates: Effect of fiber lateral displacement.

126

International Journal of Impact Engineering, 118, 39-49.
doi:10.1016/j.ijimpeng.2018.04.005
50

T. Bayless, J. Downey, P. Lucon and S. Coguill, "Computational Polyetheylene-Ceramic
Composite Plate Design and Optimization", TMS 2020 149th Annual Meeting &
Exhibition Supplemental Proceedings, pp. 1489-1497, 2020. doi: 10.1007/978-3-03036296-6_138

51

Z. Li, S. Yang, B. Liu, W. Liu, Z. Kuai and Y. Nie, "Simulation of temperature field and stress
field of selective laser melting of multi-layer metal powder", Optics & Laser Technology,
vol. 140, p. 106782, 2021. Available: 10.1016/j.optlastec.2020.106782

52

M. Hazzard, R. Trask, U. Heisserer, M. Van Der Kamp and S. Hallett, "Finite element
modelling of Dyneema® composites: From quasi-static rates to ballistic
impact", Composites Part A: Applied Science and Manufacturing, vol. 115, pp. 31-45,
2018. doi: 10.1016/j.compositesa.2018.09.005 [Accessed 1 March 2021].

53

Sanborn, Brett, et al. “Tensile Properties of Dyneema SK76 Single Fibers at Multiple Loading
Rates Using a Direct Gripping Method.” 2014, doi:10.21236/ada606636.

54

Marx, Jacob, et al. “Ballistic Performance of Composite Metal Foam against Large Caliber
Threats.” Composite Structures, vol. 225, 2019, p. 111032.,
doi:10.1016/j.compstruct.2019.111032.

55

Fountzoulas, C G, et al. Proceedings of the 23rd International Symposium on Ballistics, II, 16
Apr. 2009, pp. 1039–1047. Conference Proceeding

56

T. J. Holmquist., G. R. Johnson, and W.A. Gooch, W.A., “Modeling of the 14.5mm BS41
projectile for ballistic impact computations”, 2nd International Conference on
Computational Ballistics, Cordoba, Spain, 18-20, pp. 61-77, May 2005

127

57

Johnson, G. R. & Cook, W. H., Fracture characteristics of three metals subjected to various
strains, strain rates, temperatures and pressures. Engineering Fracture Mechanics, Vol.
21, No. 1, pp. 31-48, 1985

58

INGELSTROM, N, and H NORDBERG. “THE FRACTURE TOUGHNESS OF
CEMENTED TUNGSTEN CARBIDES.” Engineering Fracture Mechanics, vol. 6, 1974,
pp. 597–607., doi:10.1016/0013-7944(74)90016-2.

59

P. Mallick, Processing of polymer matrix composites. Boca Raton, FL: CRC Press, 2018.
ISBN-13: 978-1-4665-7822-7

60

O. Saligheh, R. Farsani and R. Khajavi, "The Effect of Post Hot Compaction on Crystallinity
and Thermal Behavior of Ultra-High Molecular Weight Polyethylene Fiber Laminates",
2021., doi:10.1080/00222340902956061

61

M. Karbalaie, M. Yazdanirad and A. Mirhabibi, "High performance Dyneema® fiber laminate
for impact resistance/macro structural composites", Journal of Thermoplastic Composite
Materials, vol. 25, no. 4, pp. 403-414, 2011. doi: 10.1177/0892705711411339

62

“Precision Steel Ball Supplier | Steel Balls and Rollers", Globalprecision.com, 2021:
https://www.globalprecision.com/

63

Imperium Tool & Instrument, 2021: https://imperiumengineering.com/

64

A. Kurlov and A. Gusev, Tungsten Carbides: Structure, Properties and Application in
Hardmetals. Springer International Publishing, 2013, pp. 221-222: doi: 10.1007/978-3319-00524-9

65

"ChemicalBook---Chemical Search Engine", Chemicalbook.com, 2021. [Online]. Available:
https://www.chemicalbook.com/. [Accessed: 24- May- 2021].

128

66

V. Ananthanarayan and F. Shutov, "Development of Fabric Sintering/Compaction Process to
Produce Porous UHMW Polyethylene Composites", Journal of Biomaterials
Applications, vol. 16, no. 2, pp. 139-148, 2001. doi: 10.1106/ll58-tm8b-9pud-x2x1.

67

M. Karbalaie, M. Yazdanirad and A. Mirhabibi, "High performance Dyneema® fiber laminate
for impact resistance/macro structural composites", Journal of Thermoplastic Composite
Materials, vol. 25, no. 4, pp. 403-414, 2011. doi: 10.1177/0892705711411339

68

Inter Materials LLC, "Ballistic helmets and method of manufacture thereof",
US20170027268A1, 2019

69

J. Attwood et al., "The out-of-plane compressive response of Dyneema composites", Journal
of the Mechanics and Physics of Solids, vol. 70, pp. 200-226, 2014. doi:
10.1016/j.jmps.2014.05.017

70

Rimdusit, C. Jubsilp and S. Tiptipakorn, "Polybenzoxazine Composites for Ballistic Impact
Applications", Alloys and Composites of Polybenzoxazines, pp. 117-137, 2013. doi:
10.1007/978-981-4451-76-5_6

71

“FASTCAM SA Series of high-speed cameras - up to 2.1 million fps", Photron, 2021,
https://photron.com/sa-series/.

72

"DefendTex - Defence Innovation", Defendtex.com, 2021. https://www.defendtex.com/

73

"Montana Precision Products | Aerospace Manufacturing in Butte Montana", Mtpp.com, 2021.
https://www.mtpp.com/.

74

H. Ku, "Notes on the use of propagation of error formulas", Journal of Research of the
National Bureau of Standards, Section C: Engineering and Instrumentation, vol. 70, no.
4, p. 263, 1966. doi: 10.6028/jres.070c.025

129

75

M. O'Masta, "Mechanisms of Dynamic Deformation and Failure in UltraHigh Molecular
Weight Polyethylene Fiber-Polymer Matrix Composites", Ph.D, University of Virginia,
2014.

76

T. Blazynski and J. Zukas, Materials at high strain rates. London etc: Elsevier Applied
Science, 1987, pp. 219-242.

77

P. Hazell, G. Appleby-Thomas, K. Herlaar and J. Painter, "Inelastic deformation and failure of
tungsten carbide under ballistic-loading conditions", Materials Science and Engineering:
A, vol. 527, no. 29-30, pp. 7638-7645, 2010. doi: 10.1016/j.msea.2010.08.024.

78

H. van der Werff and U. Heisserer, "High-performance ballistic fibers", Advanced Fibrous
Composite Materials for Ballistic Protection, pp. 71-107, 2016. Doi: 10.1016/b978-178242-461-1.00003-0

79

N. Naik, "Ballistic impact behavior of composites", Dynamic Deformation, Damage and
Fracture in Composite Materials and Structures, pp. 425-470, 2016. doi: 10.1016/b9780-08-100080-9.00015-4

80

N. Naik and P. Shrirao, "Composite structures under ballistic impact", Composite Structures,
vol. 66, no. 1-4, pp. 579-590, 2004. doi: 10.1016/j.compstruct.2004.05.006

81

H. Zhou, S. Li, K. Xie, X. Lu, Y. Zhao and T. Tay, "Mode II interlaminar fracture of hybrid
woven carbon-Dyneema composites", Composites Part A: Applied Science and
Manufacturing, vol. 131, p. 105785, 2020. doi: 10.1016/j.compositesa.2020.105785

82

K. Karthikeyan, B. Russell, N. Fleck, H. Wadley and V. Deshpande, "The effect of shear
strength on the ballistic response of laminated composite plates", European Journal of
Mechanics - A/Solids, vol. 42, pp. 35-53, 2013. Doi: 10.1016/j.euromechsol.2013.04.002

130

83

I. Meshi, I. Amarilio, D. Benes and R. Haj-Ali, "Delamination behavior of UHMWPE soft
layered composites", Composites Part B: Engineering, vol. 98, pp. 166-175, 2016. Doi:
10.1016/j.compositesb.2016.05.027

84

G. Chirikjian, Stochastic models, information theory and lie groups. Boston, Massachussett:
Basel, 2009, pp. 31-61.

85

"Error Propagation (Propagation of Uncertainty)", Statistics How To, 2021. [Online]. Available:
https://www.statisticshowto.com/error-propagation/.

86

. Staverman, "The gaussian chain in the theory of rubber elasticity", Journal of Polymer
Science: Polymer Symposia, vol. 51, no. 1, pp. 45-56, 2007. Available:
10.1002/polc.5070510105

131

Appendix: A
Variable Definitions


𝐴𝑐𝑐𝑖 :

Cross-section area at a section of ceramic cone



𝑐
𝐶𝑧𝑙
:

Longitudinal stress wave velocity along z-direction in the ceramic plate



𝐷
:
𝑑

The ratio of the diameter of the projectile to that of the plug (D/d), generally taken to be

Unity


𝑑𝜀:

Integration interval with respect to 𝜀



𝑑𝑃:

Diameter of the projectile



𝑑𝑡:

Integration interval with respect to time



𝑐
𝐸𝑐1
:

Energy absorbed due to compression in ceramic plate in region 1, region of initial

impact.


𝑐
𝐸𝑐2
:

Energy absorbed due to compression in ceramic plate in region 1, region of secondary

compression.


𝑐
𝐸𝑟𝑡
:

Energy absorbed due to tension in ceramic plate in radial direction



𝑅𝑐𝑐 :

Dynamic compressive strength of ceramic plate



𝑐
𝑅𝑡𝑓
:

Dynamic tensile strength of ceramic plate from the front



𝑆:

Distance traveled by projectile



𝑡:

Time as a variable



𝑇
:
𝐿

The ratio of plate thickness to projectile length



𝑉𝑟 :

Residual velocity of projectile fragments



V:

Initial velocity



𝑉𝑥𝑛 :

The minimum penetration velocity



𝑋𝑡𝑐 :

Distance traveled by the tension stress wave in the ceramic
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𝑍𝑙𝑐 :

Total distance traveled by longitudinal wave in ceramic plate in z-direction



𝛽:

The ratio of plate density to projectile density



𝑐
𝜀𝑐𝑓
:

Failure strain of ceramic plate in compression



𝑐
𝜀𝑡𝑓
:

Failure strain of ceramic plate in tension



𝑐
𝜀𝑧𝑐
:

Failure strain of ceramic plate in compression



𝑐
𝜀𝑧𝑐𝑙
:

Compressive strain in ceramic plate just below projectile tip in z-direction



𝑐
𝜎𝑧𝑐
:

Compressive stress in ceramic plate in z-direction
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Appendix: B
Variable Definitions
𝐴𝑜 :
The value of the quasi-lemniscate area reduction factor for the shape of the
damage in the composite material. The value is generally taken to be 0.9 in a high strength
fibrous polymer material.
𝐴𝑐𝑐𝑙 :

Cross-sectional area of the cone

∆𝐴𝑞𝑙 : Increase to the quasi-lemniscate area reduction factor for shape of the damage in
the composite structure, given by the observed distinction in structural behavior through the
delamination process.
𝑐 ∗:

The Cuniff Velocity

𝐷: depth of material shockwave under consideration: from 0 to 12.5mm
𝐷𝑜 : Total maximum depth: 12.5mm
𝐷1 , 𝐷2 , 𝐷3 , 𝐷4 , 𝐷5 :

Variables that describe the failure of tungsten carbide

ceramic in the Johnson-Cook model. The variables are explicitly defined in T. J. Holmquist.
(2005).
𝑙
𝑑𝑎𝑣𝑔
: The average percentage of layers subjected to delamination during the impact,

taken to be 10%
𝐸𝑐 :

energy absorbed in compression of ceramic plate

𝐸𝑓 :

Youngs Modulus of the material

𝐸𝑙 :

Energy lost due to delamination
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𝐸𝑠𝑡𝑟𝑒𝑠𝑠 : Total energy required to accelerate the material locally to match the transverse
shockwave
𝑓𝑟 :

The multiplied fraction, as defined by the Gaussian distribution at a given radius

given by Equation 21.
𝐽

𝐺𝐼𝐼𝐶 :

Strain Energy in mode II, released by delamination (𝑚2 )

𝑁𝑜 :

Number of layers in the composite

𝑀𝑎𝑐𝑐 : Gaussian weighted mass accelerated by transverse shockwave
𝑚𝑜 : Mass of the UHMWPE
𝑚𝑤𝑐 : Mass of the tungsten carbide inserts at a given radius
mPE : Mass of the polyethylene as defined by the volume based Gaussian distribution
about the point of delamination
𝑝𝑑 : Percentage of delamination within the composite
r: Radius as a variable
𝑟𝑝 : Radius of the projectile
S: Distance traveled by projectile through ceramic insert
𝑉𝐿 : Velocity of Transverse Wave
𝑉𝑜 : Total volume of that region of the composite
𝑉𝑤𝑔𝑡 : Gaussian weighted volume
𝑉𝑤𝑐 : Tungsten carbide weighted volume
v: velocity of the transverse shockwave
𝑋𝑑𝑏 : Distance to which damage has reached in the composite plate perpendicular to the Z
axis
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𝐴
𝑋𝑜𝑏𝑣
: The observed radius of damage in the composite containing 5mm tungsten carbide

spherical inserts at a depth of 20mm
𝐵
𝑋𝑜𝑏𝑣
: The observed radius of damage in the composite containing no tungsten carbide

spherical inserts at a depth of 20mm
𝑍𝑙𝑐 : Total distance traveled by the compression wave in the ceramic insert
𝑍𝑒𝑥 : The thickness of the specimen after impact
𝑍𝑜 : The thickness of the specimen prior to impact
𝑍𝑒𝑥
𝑍𝑜

: The expansion ratio of the specimen

𝑐
𝜀𝑧𝑐
: Maximum compressive strain in the ceramic during impact resulting in failure

𝜀𝑓 :

Failure strain of the linear elastic fiber

𝜀𝑙𝑚 : Maximum shear strain between fibers
(1−𝜐𝑚 )

𝜆𝑚 : Lamé constant for material m, as defined by 𝜆𝑚 = √(1+𝜐𝑚)(1−2𝜐𝑚)
𝜆:

A Lamé constant

𝜇:

A Lamé constant

𝑐
𝜎𝑧𝑐
: Maximum compressive stress in the ceramic during impact resulting in failure

𝜎𝑓 :

Tensile strength of the polymer fibers

𝜎𝑙𝑚 : Maximum shear stress between fibers
𝜌: Actual density of polymer semi-crystal (0.89
𝜌𝑜 : Maximum of the UHMWPE (0.97

𝑔
𝑚3

𝑔
𝑚3

)

)

𝜌𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 : Fraction of tungsten carbide that is porous
𝜌𝑤𝑐 : Density of tungsten carbide (15.6

𝑔
𝑐𝑚3

)
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𝜌𝑤𝑐𝑎 : The density of tungsten carbide adjusted for porosity (15.1
∆𝜌𝑖 : Adjusted density of a tungsten carbide insert
Ω:

Critical penetration velocity

𝑔
𝑐𝑚3

)
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Appendix: C
Radiographic Images

Radiographic images of the composite specimens looking down along the Z axis.
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Radiographic view of composite specimens from the side along the X axis.
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Radiographic image along the Z axis of composite
containing cubic 5mm tungsten carbide inserts.

Radiographic image along the Z axis of composite
containing cubic 2.5mm tungsten carbide inserts.
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Radiographic view along the Z axis
of composite containing spherical
2.5mm tungsten carbide inserts

Radiographic view along the Z axis
of composite containing spherical
5mm tungsten carbide inserts

Radiographic view along the Z
axis of composite containing
no tungsten carbide inserts.

Radiographic image along the X axis of specimen containing no tungsten carbide inserts.

Radiographic image along the X axis of specimen containing spherical 2.5mm tungsten carbide inserts.
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Radiographic image along the X axis of specimen containing spherical 5mm tungsten carbide inserts.

Radiographic image along the X axis of specimen containing cubic 2.5mm tungsten carbide inserts.

Radiographic image along the X axis of specimen containing cubic 5mm tungsten carbide inserts.

142

Appendix: D
Normal Gaussian Distribution of Defendtex Data
Defendtex Velocity Data
Shot #

Normal Distribution Values of Data

Strike Velocity (fps)

fps

m/s

1

2931

Mean

2962.231

902.888

2

2984

Std Dev

24.356

7.424

3

2977

4

2949

Confidence of 0.05

13.240

4.035

5

2974

Maximum at 0.05

6

2937

Confidence

2975.470

906.923

7

2924

Minimum at 0.05

8

3003

Confidence

2937.875

895.464

9

2944

10

2957

Confidence of 0.01

17.400

5.303

11

2976

Maximum at 0.01

12

2962

Confidence

2979.631

908.191

13

2991

Minimum at 0.05
2944.831

897.584

Confidence

Normal Distribution of Velocities
Normal Percentage Distribution

0.018
0.016
0.014
0.012
0.01
0.008
0.006
0.004
0.002
0
2880

2900

2920

2940

2960

2980

3000

3020

3040

Average Velocity Based on Available Data

Calculated normal distribution of projectile velocities based on data provided by Defendtex

